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ample preparation is an essential stage in the analytical process. Nowadays, 
simplification, automation and miniaturization are clear trends in analytical 
chemistry. Moreover, implementation of Green Chemistry protocols in sample 
pretreatment is increasingly demanded. Ultrasound is an efficient energy that can 
provide several advantages when applied on sample preparation. A review on the 
ultrasound-based procedures described in the literature has been included in 
Section I.3 (Chapter I). 
The main goal of this work is to assess different ultrasonic-based strategies 
for sample preparation prior to elemental determination by electrothermal-atomic 
absorption spectrometry (ETAAS) and total-reflection X-ray fluorescence 
spectrometry (TXRF). Several extractant phases in conjunction with the ultrasound 
energy provided by a cup-horn sonoreactor were evaluated for the ultrasound-
assisted extraction (UAE) of different elements from a variety of matrices.  
One of the aims of this Thesis is to increase the potential applicability of both 
analytical techniques. Then, easy-to-use sample preparation strategies were 
developed in order to increase its use in routine labs. 
For that purpose, the specific objectives pursued in the different chapters are 
the following: 
1. Assessment of a cup-horn sonoreactor as a novel ultrasonic processor for  
UAE of Cd, Pb, Mn, Ni and Cr from a variety of matrices, i. e. animal tissue, 
plant, algae, lichen, sediment, soil, sewage sludge and coal fly ash prior to 




2. Evaluation of Co and Sb content from typical inorganic matrices containing 
high amounts of silicon (i. e. sludge, soil, sediment, fly ash) by UAE 
pretreatment prior to determination by ETAAS is followed. (Chapter III) 
3. Development and comparison of two simple methodologies for UAE of Ag 
and Au at trace level from environmental samples using a cup-horn 
sonoreactor: ultrasound-assisted acid extraction and ultrasound-assisted 
thiourea extraction, followed by ETAAS determination. Application to real 
environmental solid samples of interest. (Chapter IV) 
4. Development of a preconcentration strategy for the determination of Au in 
environmental aqueous and solid samples at ultratrace levels.  Combination 
of UAE with dispersive liquid-liquid microextraction (DLLME) and ETAAS for 
solid samples. Application to real samples containing ultratrace levels of Au. 
(Chapter V) 
5. Evaluation of ultrasound-based procedures (UAE and ultrasonic-probe slurry 
sampling) and comparison with magnetic agitation slurry sampling as 
sample pre-treatments for multielemental determination in biological 
samples by TXRF. (Chapter VI) 
6. Assessment of a fast analysis method for multielemental determination in 
medicinal plants and spices by UAE and TXRF. Discrimination according to 
the anatomical part used in the commercial preparation by application of a 







Short summary  
ample preparation has witnessed transformation in recent years, with the 
main efforts focused on acceleration, simplification, miniaturization and 
automation of the operations involved. Ultrasound is a clean, efficient energy that 
has dramatically improved many sample-preparation protocols. The unique 
conditions provided by acoustic cavitation have enhanced solid-sample 
pretreatments (e. g., digestion, dissolution and extraction), which are typically 
applied prior to detection. At present, awareness of green aspects has led many 
analytical chemists to consider key indicators (e. g., operation time, safety, 
volume/concentration of solvents and energy consumption) when developing new 
sample-preparation methods.  
Chapter I comprises a general introduction divided into five sections. In the 
Section I.1, a description of the importance of sample preparation in analytical 
chemistry, and some examples of conventional sample preparation procedures is 
given. Moreover, a description of separation and/or preconcentration techniques 
is presented. Then, a short description of the theoretical and experimental aspects 
of the preconcentration technique employed in this work, dispersive liquid-liquid 
microextraction (DLLME) is included. In the Section I.2, theoretical aspects of 
ultrasound energy, as well as the different possibilities and affecting variables of 
sample preparation procedures assisted by ultrasound energy are included. A 
general review concerning ultrasound-assisted pretreatment of solid samples is 
presented in the Section I.3. After that, a brief description of the analytical 
techniques employed in this Thesis, i. e. electrothermal-atomic absorption 
spectrometry (ETAAS) in Chapters II, III, IV and V and total-reflection X-ray 
fluorescence spectrometry (TXRF) in Chapter VI and VII used for the element 
determination and the applicability of ultrasound-based procedures for sample 




In Chapters II, III, IV, V, VI and VII diverse sample preparation methodologies 
are developed for the determination of multiple elements in biological and 
environmental samples. Cd, Pb, Cr, Mn, Ni (Chapter II); Sb and Co (Chapter III), Au 
and Ag (Chapter IV); Au (Chapter V); P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, As, Se and Sr 
(Chapter VI) and P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn and Pb (Chapter VII) have been 
satisfactorily determined by means of the combination of this procedures and the 
suitable determination technique, both ETAAS (Chapters II, III, IV and V) and TXRF 
(Chapters VI and VII). Then, a summary of the experimental work is given. 
In Chapter II, a sample preparation method based on ultrasound-assisted 
extraction (UAE) of trace metals from a variety of biological and environmental 
matrices using a cup-horn sonoreactor is described. Diluted acids (HNO3, HCl and 
HF) and oxidants (H2O2) were tried for extraction, the extracts being directly 
analyzed by ETAAS. The cup-horn sonoreactor combines the advantages of probe 
and bath sonicators, allowing a variety of conditions to be used for metal 
extraction from troublesome matrices. This system facilitates the use of HF to 
destroy the silicate lattice, application of simultaneous treatments of up to six 
samples and short treatment times. Quantitative metal recoveries are achieved 
from different matrices  (animal and vegetal tissues, soil, sediment, fly ash, sewage 
sludge) under a set of extraction conditions ranging from the use of 3 min 
sonication time and 3 % v/v HNO3 for some animal tissues to 40 min sonication 
time along with 5 % v/v HNO3 + 20 % v/v HF for sediment. Vegetal matter required 
the use of 5 % v/v HNO3 + 5 % v/v HF for extraction of some elements. UAE of Cd, 
Mn, Pb, Ni and Cr from 16 certified reference materials (CRMs) representing a 
variety of biological and environmental matrices using the cup-horn sonoreactor is 
evaluated. Cd, Pb and Mn are more easily extracted from most CRMs than Cr and 
Ni and less stringent conditions can be chosen for the former metals. Metal 
extractability follows the order of difficulty: animal tissue < vegetal tissue < soil, fly 
ash, sewage sludge < sediment. 
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In Chapter III, a simple, fast and reliable method is described for the 
quantitative extraction of Sb and Co from inorganic environmental matrices 
containing variable amounts of silicates prior to their determination by ETAAS. The 
method is based on the ultrasound-assisted extraction of both elements using the 
mixture 20 % v/v HF + 20 % v/v HNO3 as extractant. The extraction procedure was 
carried out in closed Eppendorf vials immersed in a cup-horn sonoreactor for 20 
min. Once extraction has been accomplished, the supernatant liquid is separated 
from the solid phase and subsequently transferred into the autosampler of the 
instrument. A two-level full factorial design (24) was applied for screening 
optimization of the variables influencing the ultrasonic extraction. These variables 
were: sonication time; amplitude of the ultrasound energy; nitric and hydrofluoric 
acid concentrations. Methodological limits of detection were 0.20 and 0.06 µg g-1 
for Sb and Co, respectively. Between-batch precision values, expressed as relative 
standard deviations (RSD) (n = 3), were less than 5.5 and 9.6 % for Sb and Co, 
respectively. The method was evaluated using a wide variety of inorganic CRMs 
(marine sediment, industrial sludge, fly ash, coal fly ash and soils). 
In Chapter IV, UAE combined with ETAAS has been applied to the 
determination of Ag and Au at μg g-1 levels in different environmental samples 
such as soil, sediment, fly ash and industrial sludge. Two different extraction 
systems have been tried, i. e. acid mixtures (HCl, HF, and HNO3) and thiourea in 
diluted H2SO4 medium. In both cases, an efficient cup-horn sonoreactor was used 
as ultrasonic device to accelerate the extraction process. This ultrasonic processor 
allows the use of any extractant including HF and simultaneous treatment of up to 
six samples. Recovery ranged from 81 % to 107 % for silver, and from 91 % to 105 
% for gold. Optimal acid mixtures were 25 % v/v HNO3 + 25% v/v HF for Ag and 25 
% v/v HNO3 + 25 % v/v HCl for Au. The thiourea method required 0.6 % m/v 
thiourea + 2 % v/v H2SO4. The latter method was considered advantageous since 
efficient Au and Ag extractions were obtained in a short time, and moreover, 
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wastes generated were less harmful to the environment. Limits of detection for Ag 
and Au were 0.012 and 0.050 μg g-1, respectively. Repeatability expressed as RSD 
ranged from 2 to 10 % for both metals. Both extraction methods were applied to 
the determination of Au and Ag in sediments and soils located at different 
sampling points from Galicia (Spain). 
In Chapter V, a new methodology was developed for the determination of 
ultratrace levels of gold in water samples, soils and river sediments. DLLME was 
used to preconcentrate the ion pair formed between AuCl4
− and [CH3(CH2)3]4N
+ in a 
microliter-range volume of chlorobenzene using acetone as disperser solvent. 
When solid samples were analyzed, the method consisted of a combination of UAE 
and DLLME with final detection by ETAAS. Since HCl medium was required for the 
formation of the AuCl4
− complex, HCl together with HNO3 were used as extractants 
for UAE. After optimization, the enrichment factor obtained was 220 for water 
samples. Moreover, the extraction efficiency was around 96 %. The repeatability, 
expressed as RSD ranged from 3.6 % to 9.7 %. The instrumental detection limit was 
8.4 ng L-1, whereas the procedural detection limits were 42 ng L-1 for water 
samples and 1.5 ng g-1 for environmental solid samples. 
In Chapter VI, two ultrasound-based procedures are developed for sample 
preparation prior to determination of P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, As, Se and Sr 
in biological tissues by TXRF. UAE by means of a cup-horn sonoreactor and 
ultrasonic-probe slurry sampling (UPSS) were compared with a well-established 
procedure such as magnetic agitation slurry sampling (MASS). For that purpose, 
seven CRMs and different real samples of biological animal tissue were used. 
Similar accuracy and precision are obtained with the three sample preparation 
approaches tried. Limits of detection were dependent on both the sample matrix 
and the sample pre-treatment used, best values being achieved with UAE. 
Advantages of UAE include reduced sample handling, decreased contamination 
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risks (neither addition of surfactants nor use of foreign objects inside the 
extraction vial), simpler background (no solid particles onto the sample carrier) 
and improved recovery for some elements such as P. A mixture of 10 % v/v HNO3 + 
20 - 40 % v/v HCl was suitable for extraction from biological tissues. 
In Chapter VII, a procedure based on UAE as sample preparation procedure in 
combination with multielemental TXRF determination has been proposed as 
routine analysis method for plant analysis, since fast and reliable analytical 
methodologies are required for quality control of plants in order to assure human 
health. For this purpose, five CRMs have been analyzed for the determination of P, 
K, Ca, Cr, Mn, Fe, Ni, Cu, Zn and Pb. Different extractant media were tried. A 
mixture of diluted HNO3 + HCl + HF, was selected as the best option for the 
achievement of complete extractions. Accurate and precise results can be reached 
in most cases along with a high sample throughput. Different plants (i. e., herbs, 
spices and medicinal plants) were analyzed. Linear discriminant analysis (LDA) 
together with the elemental concentrations allowed the differentiation of 
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I. General Introduction 
race element determination continues being a key issue in the field of 
Analytical Chemistry. Current universal interests in element determination 
are based on our needs to [1]: 
(1) safeguard the health of organisms and humans 
(2) determine the element requirements and tolerance by organisms 
(3) evaluate the bioavailability of trace elements in organisms 
(4) evaluate the potencial bioaccumulation, biomagnification and biotoxicity of 
some metals 
(5) assess trace metal enrichment in the environment by recycling wastes 
(6) discover new ore deposits 
(7) comply with the regulations on release of effluents to the environment 
(8) protect the population from metal exposure. 
The election of the most suited sample preparation procedure and the 
analytical technique is crucial for different elemental analysis. Criteria of election 
vary from the type of samples (organic or inorganic matrix), the aggregation state 
of the sample (solid, liquid or gas) and the element concentration present in the 
sample. Conventional and alternative sample pretreatment strategies and 
separation / preconcentration procedures are available.  
The most common analytical techniques for trace element determination are 
the following atomic spectrometric techniques: flame-atomic absorption 
spectrometry (FAAS), electrothermal-atomic absorption spectrometry (ETAAS), 
inductively-coupled plasma optical emission spectrometry (ICP-OES), inductively-
coupled plasma mass spectrometry (ICP-MS) and total-reflection X-ray 




I.1. Sample preparation in Analytical Chemistry 
I.1.1. General Remarks 
Lately, the determination of trace elements in different target samples has 
become a major task in toxicological, clinical, industrial and environmental 
research. The main objective is to develop new analytical methods, as well as to 
improve the existing ones avoiding sophisticated and complicated procedures. 
The general trends in modern analytical chemistry are based on 
simplification, automation and miniaturization of the analytical process. To reach 
these goals, analytical techniques try to obtain lower detection limits, improved 
selectivity and sensitivity, faster analysis time, higher sample throughput, use of 
less expensive analysis systems involving  decreased sample and reagent volumes  
[2]. 
In every measurement process, the main steps involved in the analytical 
process for the analysis of inorganic analytes are summarized in Figure I.1 [3, 4]. 
Sample preparation is an essential stage in the analytical process. It takes place 
between sampling and analysis of the pretreated sample. This step involves ca. 60 
% of the total time employed in the analysis and it is prone to many errors [4]. The 
most important systematic errors that can occur during preparation steps are the 
contamination of the sample with the analyte and/or losses of the analyte from 
the sample. Sources of contamination include materials, such as tools and vessels, 
reagents and laboratory air. Loss of elements are caused by volatilization, 
adsorption or chemical reactions with the material of vessels or tools [5]. 
Sample preparation tends to be slow and labor-intensive [3]. This step 
consists of a pre-treatment of the sample to allow its analysis by the different 
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analytical techniques, because generally they are not ready for direct introduction 
into de instrument [3].  
A wide variety of operations could be involved in the pretreatment step of 
solid samples, such as degradation and solubilization of the matrix in order to 
release all metals for analysis, the extraction from the sample matrix into another 
solvent, concentration of metals present at ultratrace levels, dilution or removal of 
the matrix avoiding interferences and separation of an element from other species 
that might interfere in the analyses [3]. 
For these reasons, sample preparation is a crucial step for obtaining reliable 
results and more research should be focused on reducing time and errors in this 





Figure I.1. Steps of the analytical process for inorganic analytes. SPE, solid-phase 
extraction; LLE, liquid-liquid extraction; ETAAS, electrothermal-atomic absorption 
spectrometry; FAAS, flame atomic absorption spectrometry; ICP-MS, inductively-coupled 
plasma mass spectrometry; ICP-OES, inductively-coupled plasma optical emission 
spectrometry; TXRF, total-reflection X-ray fluorescence spectrometry. 
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I.1.2. Conventional sample preparation procedures 
In spite of the several classifications of the conventional sample pretreatment 
for trace element analysis (total and speciation analysis), three general approaches 
are involved: no treatment or minimal treatment, decomposition and extraction 
approaches (Table I.1). A summary of some of them is briefly described below. 
Similar classifications have been previously reported [4, 6]. 
Table I.1. Classification of sample pre-treatment approaches 
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I.1.2.1. No treatment or minimal treatment 
Sample pretreatment for aqueous samples simply needs acidification and for 
biological fluids dilution with water, Triton X-100, acids (especially nitric acid) or 
ammonia [7].  
In the case of solid samples, both solid samples and slurries can be directly 
analyzed without any previous decomposition [8]. Both direct solid sampling and 
slurry sampling have the following general advantages over decomposition 
approaches, i. e. (i) small amounts of sample can be used, (ii) contamination is 
reduced and (iii) lower detection limits could be achieved [9]. 
Direct solid sampling, firstly employed in 1971 [10] can be now performed by 
using specially designed graphite tubes in ETAAS, by electrothermal vaporization 
(ETV) and laser ablation (LA) combined with different determination techniques: 
ETV-ICP-OES, ETV-ICP-MS, LA-ICP-MS and LA-LIBS (laser ablation with laser-induced 
breakdown spectroscopy) [8, 9, 11]. Moreover, solid samples prepared into 
polyethylene capsules (0.3 g) or as compressed pellets (10 g) are employed in 
instrumental neutron activation analysis (INAA) and X-ray fluorescence 
spectrometry (XRF), respectively [11]. The limitations of direct solid sampling are: 
(i) the difficulty of obtaining representative sub-samples, (ii) the lack of 
appropriate calibration standards, (iii) time-consuming for multielemental analysis, 
(iv) high interferences, (v) difficult sample introduction (no automated) and (vi) low 
achieved precision [12, 13]. Certified reference materials (CRMs) can be used for 
calibration and to assure the analytical quality control in solid sampling [14]. 
Slurry sampling was firstly employed in 1974 [15, 16] to overcome some of 
the limitations of direct solid sampling [12]. The powdered sample is suspended in 
water or diluted nitric acid, and a stirring system is required previous to sample 
introduction [17]. The particle size should be small enough to pass through 
transport tubing. Slurry sampling is easy to operate and displays reduced risks of 
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contamination and losses are obtained. One of the handicaps of slurry sampling in 
comparison with solid sampling is the need for addition of reagents, the use of 
sample stirring devices in order to maintain the slurry stability and avoid the 
particles to settle. However, calibration with aqueous standards is more realistic in 
slurry sampling. Slurry sampling is usually employed for sample preparation prior 
to ETAAS determination. If a flame or plasma is used for atomization, powder 
sample must be ground assuring a very small particle size and particle size 
distribution to increase homogeneity, accuracy and precision [17]. 
Solid sampling is not usually combined with FAAS due to the insufficient 
dissociation of solid particles in the relatively cold flame. However, solid sampling 
and slurry sampling are difficult to combine with ICP-OES. In the case of solid 
sampling, physical and chemical interferences appeared. And in the case of slurry 
sampling, problems related with the inefficient dissociation of particles in the 
plasma and transport interferences have been reported [12]. 
I.1.2.2. Decomposition approaches 
In this category a subdivision is done according to the temperature at which 
the treatment is performed: high and low temperature.  
High temperature approaches 
a) Wet digestion  
Conventional wet digestion 
Sample wet digestion is a method based on the attack of the matrix with 
mineral concentrated acids and the release of the associated analytes to the liquid 
medium [18]. It consists of placing the sample in a beaker with the acids, covered 
with a watch glass and heating [3]. The digestion is produced by supplying energy 
(e. g. heat), by using a chemical reagent (e. g. acid) or by a combination of both. 
The nature and the amount of reagents generally used are dictated by the type 
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and size of sample [18]. One of the advantages of wet digestion is the effectiveness 
on both, inorganic and organic materials. 
Different terms are used in reference to wet digestion methods, such as 
decomposition, dissolution, digestion, ashing, mineralization, acid-digestion, wet-
ashing. However wet digestion is the preferred by the IUPAC (International Union 
of Pure and Applied Chemistry) [18]. 
Most of the wet digestion methods involve the use of oxidizing (HNO3, hot 
concentrated HClO4, hot concentrated H2SO4), non-oxidizing acids (HCl, HF, H3PO4, 
diluted H2SO4, dilute HClO4) and H2O2.  Wet digestion with oxidizing acids is the 
most common sample preparation procedure. Likewise, nitric acid is an universal 
digestion reagent and the most widely used for the decomposition of organic 
matter, because it does not interfere with most determinations and it is 
commercially available in sufficient purity [18]. Mixtures with HCl are used for 
inorganic materials and HF to decompose silicates which are insoluble in the other 
acids [18]. 
There are different schemes for wet digestion methods depending on the 
vessel (open or closed, flow systems) and on the supplier of energy (e. g. 
conventional or microwave heating).  
Microwave-assisted digestion  
In the case of microwave-assisted digestion (MAD), microwave energy was 
employed as a heating source in wet digestion. It provides more efficient and fast 
digestion than the conventional heating. Microwave cannot break molecular bonds 
directly because the corresponding energy is too low to excite electronic or 
vibration states. However, rotation of dipoles and migration of ions are observed 
in microwave field [19], resulting in a fast and uniform heating [20]. 
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The first paper related with MAD was published in 1975 [21]. Since mid-
eighties, MAD has increased its use as sample preparation system in many 
laboratories for trace elemental analysis in biological and geological samples.  
Then, several equipments were developed to improve its safety and 
efficiency Both low pressure and high pressure digestion can be employed in 
microwave-assisted digestion (MAD). Another possibilities are closed-vessels 
heated in MW ovens, focused-MW systems, high-pressure MW systems or flow 
systems [22]. 
Principles, equipments and applications of microwave-assisted techniques 
have been detailed in book chapters [23, 24]  and many reviews [22, 25]. 
b) Dry ashing 
Dry ashing and dissolution of the residue with diluted inorganic acids (generally 
diluted HCl) is the best way to remove the organic matter [4].   
Muffle furnace 
Dry ashing in muffle furnace consists of submitting the solid sample located 
in a suitable vessel (generally porcelain crucible) to controlled high temperature 
(450 ⁰C) up to constant weight of the sample (1 h - 48 h). Usually, these 
procedures are performed by ashing at atmospheric pressure in programmable 
muffle furnaces. Then, the resulting inorganic residue (ash) is dissolved in mineral 
acids [4]. 
Conventional dry ashing procedures lead to complete removal of the organic 
matrix and to accurate analytical results for the commonly determined elements. 
Dry ashing ensures the quantitative decomposition and elimination of organic 
matter and an efficient release of elements initially associated with it.  
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Due to the high temperatures involved in the procedure, there are risks of 
losses of element by volatilization. The elements with highest losses risks are Se, 
As, Sb, Ge, Hg, Cd, Pb and Zn. 
Schöniger flask 
The combustion of the sample takes place in a closed Pyrex conical flask filled 
with oxygen for 20 min approximately. The sample (3 - 10 mg) is wrapped in a 
piece of paper, linked to a Pt wire, and burnt in the flask containing the 
appropriate absorption solution (H2O, H2O2, NaOH). It is more commonly 
employed for non-metals and metalloids. The two main limitations of this 
approach are the incomplete oxidation (not enough O2 concentration, evaporation 
of volatile elements, alloy of metals with the Pt wire) and incomplete absorption 
[4]. 
Oxygen combustion bomb 
Oxygen combustion bomb is similar to the latter method. Nevertheless, it 
consists of a stainless steel container closed by a screw cap at the top. Oxygen 
combustion bomb is faster than Schöniger flask and allows the combustion of 
higher amount of sample and a reduction of volatilization risks [26]. 
Combustion tube 
In this case, an oxygen flow is continuously passed through a crucible 
containing the sample inside a combustion quartz tube while is heated. The 
released gases are trapped in a solution containing NaOH. Sometimes, incomplete 
oxidation is observed [4]. 
c) Fusion 
Some samples such as ceramics, aluminosilicates and alloys are difficult to 
decompose by wet digestion. In order to solubilize these minerals, fusion may be 
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used. For fusion procedures, basic (NaOH, Na2CO3), acid (K2S2O7), oxidizing (Na2O2) 
and reducing (carbide) fluxes are employed. Both powdered samples and fluxes 
are mixed in a crucible. Then the mixture is heated (at a temperature above the 
flux melts) in a furnace or burner and agitated until total dissolution [27]. Fusion 
process usually lasts 1 - 3 h at a temperature in the range of 300 - 1000 ⁰C. The 
high concentration of added fluxes and the aggressive media increase the risks of 
contamination and the amount of added salts may produce matrix interferences. 
Besides, the losses of volatilization have to be carefully controlled [4]. 
Drawbacks of high temperature decomposition approaches 
The most applied sample preparation procedures for trace element analysis 
are those based on wet digestion (conventional and assisted by microwave energy) 
or dry ashing. While wet digestion requires high operation control and short total 
time, the operation control is low for dry ashing. Whereas wet digestion small 
amount of sample and high volumes of reagents are required, for dry ashing is the 
other way round. Some examples reported in the literature are shown in Table I.2.  
Sample preparation techniques such as wet digestion or dry ashing have been 
widely used for the dissolution of target elemental analytes for their subsequent 
analytical determination, and have become well-established standard methods for 
checking newly developed procedures. 
There are several drawbacks entailed by these classical approaches [28, 29]:  
(i) the use of high volumes of concentrated acids, high temperatures and 
often high pressures (wet digestion) 
(ii) the used acids can be a source of contamination (wet digestion) 
(iii) these sample preparation methods are time-consuming 
(iv) the long time required for cooling of the digestion vessel after the 
microwave operation (microwave-assisted digestion) 
General Introduction 
22 
(v) the risks of analyte loss through volatilization  
(vi) the retention by an insoluble residue or in the vessel walls (dry ashing) 
(vii) the corrosion takes place in the inner parts of the microwave oven 
provoked by the acid vapors (microwave-assisted digestion) 
(viii) the required constant supervision during the digestion procedure  
(ix) the risks for the operator 
 
Table I.2. Examples reported in the literature for trace elemental analysis in solid samples 
by atomic and mass spectrometry 
Type of 
samples 
Conventional sample preparation procedures 




1-2 g of sample  
10 mL HNO3 + 2 mL H2O2.  
Heat for 12 h [30] 
0.15 g of sample  
5 mLHNO3 +2 mL H2O2+2 mL H2O.  
Microwave program:  
2 steps 30 min up to 90⁰ C, 5 min up to 
135 ⁰ C, 3 steps 30 min up to 190⁰ C 
and kept by 10 min at 190 ⁰ C [31]. 
0.2-2 g sample  
Heat up to 450 ⁰ C 
in 8 h [32]. 
Plant 
tissue 
(A) 0.3 g of sample  
2mL H2SO4 + 2mL H2O2 (30 % 
w/v). Heat up to 350 ⁰C for 30 
min [33]. 
(B) 1 g of sample  
12ml HNO3:H2O2 (2:1) 
Heated up to 130⁰ C for 4 h 
[34]. 
(A) 0.1 g of sample 
5 ml HNO3+ 0.5 ml HF.  
Microwave program: 2 step of 1 min at 
40 and 80 psi, 1 step of 5min at 120 
psi) [35]. 
(B) 3 mL HNO3 + 3 mL H2O2 + 2mL 
water+ 0.8 mL HF. Similar microwave 
program [36]. 
1 g of sample 
Heat up to 450 ⁰ C 
in 1 h [34]. 
Geological 
0.5 g of sample 
(A) 4 ml of HClO4 + 10 ml HF + 
1 ml HNO3  
(B) 1 ml HNO3 + 3 ml of HCl + 
10 ml HF 
Heat 12 h at 120°C [37]. 
0.25 g of sample. 
2 ml of HF + 2 ml of HNO3 + 6 ml of HCl  
Microwave program: (1): 250 W for 8 
min.(2): 400 W for 6 min. (3): 600 W 
for 6 min. (4): 0 W for 2 min. (5): 300 W 
for 3 min. (6): 0 W for 2 min [38]. 
0.2-2 g of sample. 
Heat up to 450 ⁰ C 
in 8 h. [32]. 
 
Low temperature approaches 




The Fenton method entails the generation of ●OH radicals by combining Fe+2 
and H2O2 [39]. If Fe
+2 is added to a UV/H2O2 system, this method is called photo-
Fenton type oxidation [40]. Hydroxyl radicals have a great potential for oxidizing 
organic matter. One of the drawbacks is the high amounts of Fe that may interfere 
most determination techniques.  
Enzymatic methods 
Proteolytic enzymes degrade organometallic compounds to produce the 
release of inorganic metals to the media (i. e., As). Selective enzymatic degradation 
is also employed for speciation of metal complexes (i. e. metal complexes with 
polysaccharides, selenoaminoacids). Errors can arise from with contamination, the 
undesirable break-up of the metal-protein bond during the process, the 
insufficient detection limits and the strict pH control required [20, 41]. 
Solubilization with buffers 
Buffers salts, such as, Tris-hydroxymethyl-aminomethane (Tris) are 
commonly used so as to obtain the necessary ion strength for protein 
solubilization of the sample. Tris buffer is used in combination with HCl so that the 
free, weakly bound analyte species or metalloaminoacids are released [20].  
Solubilization with surfactants  
This procedure involves the use of surfactants such as sodium dodecyl sulfate 
(SDS) for the solubilization of high-molecular weight proteins and metalloenzymes. 
One example is the release of selenoaminoacids from selenoproteins [41]. 
Surfactants provoke the disruption of the cell membranes, breaking the interaction 
between lipids and proteins. As a consequence, the metal-binding proteins are 
solubilized and hydrophobic interactions are prevented [20]. 
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Solubilization with TMAH 
Tetramethylammonium hydroxide (TMAH) in alcoholic medium allows 
obtaining clear homogeneous solutions of biological tissues. A solution containing 
ammonium pyrrolidine dithiocarbamate (APDC) in addition to TMAH is also used. 
Some of the drawbacks of TMAH solubilization include limited time-stability of the 
obtained solution and the prolonged treatment time [6, 7]. 
Decomposition or oxidation with UV 
Ultraviolet irradiation produces the degradation of organic molecules by 
photo-oxidation. It is generally used for the remediation of water and wastewaters 
among other applications. Moreover, UV energy is employed for degradation of 
organic metal species in order to convert metal complexes into inorganic forms 
[40, 42]. For these approaches, mercury lamps are employed as sources of 
ultraviolet irradiation generating the radical ●OH. The involved high temperatures 
make it necessary the use of a refrigeration system. Even though, losses by 
evaporation are observed [43]. Implementation of ultraviolet irradiation provides 
advantages in the framework of green analytical chemistry, since low acid 
concentration is required. UV is employed in combination with H2O2, ultrasound, 
and ozone [40]. 
b) Dry ashing 
Oxygen plasma  
The sample is contained in a quartz test tube equipped with a cooling finger 
and the oxygen plasma generated at high frequency. Volatile elements are 
retained on the cooling finger during the ashing procedure, avoiding element 
losses [43]. The temperature reaches 150 ⁰ C and the required volume of acid is 
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only 1 - 2 mL. However, this method is unsuitable for routine analysis due to the 
long mineralization time [4]. 
I.1.2.3. Extraction approaches 
Solid-liquid extraction (SLE) requires the addition of reagents (or a mixture of 
reagents) to a solid sample which extracts the analyte from the solid sample to the 
liquid phase [4]. When the sample is liquid, liquid-liquid extraction (LLE) is 
employed. Extraction approaches are based on the isolation of total metal content, 
metal species, metal fractions and organometals from one phase to another.  
a) Total element content 
Acid extraction 
Acid extraction is also called acid leaching or solid-liquid extraction. The 
procedure generally entails the addition of a diluted acid, agitation, temperature 
control and filtration or centrifugation [4]. 
Total metal extraction should be carried out under soft conditions (low 
temperature and pressure) allowing metal-matrix bound to break down without 
alteration of the matrix. It is not acid digestion because the organic matrix is not 
destroyed, but dissolution of the rest of the sample and leaching of the analytes 
occur [44]. 
A number of publications related to acid extraction under mild conditions 
using diluted HNO3, HCl, HClO4, H2O2 or mixtures HNO3 + HCl, acetic acid even HF 
(for vegetables and rocks analysis) have appeared in the last years. The necessary 
time to carry out the extraction with acids vary from 5 min to 24 h [44]. 
Several elements have been extracted from animal tissue, vegetable 
materials and even from sediments As an example, Cd, Cu, Pb and Zn were 
extracted from lake sediment sample with HCl+HNO3 carrying out the extraction 
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overnight [45]; Al, Ca, Cd, Fe, Mg, Pb and Zn only 30 min from vegetable tissues 
[46] and Cd and Pb using HNO3 in 1 h from mussels [47]. 
This procedure obviates the organic matrix destruction step and and results 
in a simple, rapid, versatile, inexpensive proposal with reduced hazards and low 
risks of loss and contamination. The main drawback is the fact that it could only be 
applied to limited matrices and given elements [44].  
 
b) Speciation and fractionation 
Sometimes, knowing the total metal content is not useful. And metal ions, 
organometallic species and metal fractions (associated with determined 
geochemical phases) are interesting due to their different toxicity, mobility and 
bioavailability.  
Speciation 
Speciation consists of the determination of the concentration of the different 
chemical forms because of the toxicity. Generally, organometallic compounds are 
more toxic than inorganic species. There are two main alternative speciation 
approaches: hydride generation and enzymatic hydrolysis. Hydride and alkyl 
derivates generation of As, Sb, Se, Pb, Hg and Sn are employed to increase its 
volatility and enable its analysis. Enzymatic hydrolysis requires the use of enzymes 
in order to break the proteins and polysaccharides and also allows the 
identification of different species [4]. 
Sequential extraction 
Sequential extraction schemes (SES) are designed to determine the metal 
fraction in environmental samples (i. e. sediment, soil, sewage sludge, fly ash). The 
main aim of SES is to evaluate the distribution, mobility and bioavailability of heavy 
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metals by means of operationally defined procedures. These procedures consists 
of using different reagents (i. e. CaCl2, CH3COOH / CH3COONa, H2O2, HNO3 +HF, 
etc.) to extract the metals linked to the different fractions (i. e. exchangeable, acid 
soluble, oxidisable, reducible, residual, etc.) [48]. 
Microwave-assisted extraction (MAE) and supercritical fluid extraction (SFE), 
mostly employed for organic compounds, were also used in order to accelerate 
metal speciation and fractionation procedures. MAE was used in combination with 
extractants such as diluted HNO3 or HCl [49] and for the acceleration of SES from 
several hours to a couple of minutes [50]. SFE was used for the extraction of metal 
ions and organometallic species (i. e. species of Sn, Pb, Hg and As) after 
derivatization step [51] and for the extraction of heavy metals from sand and 
water [52]. 
I.1.3. Separation and preconcentration procedures 
Sometimes, the concentration of the analyte to be analyzed is very low and 
separation and preconcentration steps are required in the analytical process. The 
main reasons are the inadequate sensitivity of the direct procedures and severe 
matrix effects that disturb the detection of the analyte [12]. Some of the 
extraction approaches could be considered preconcentration techniques as well, if 
the reduction of reagents volume takes place where the analyte is immersed. In 
some cases, extraction procedures in addition to separate the analyte from the 
matrix, they typically include enrichment and they are called preconcentration 
techniques. 
In Table I.3 a classification of classical and miniaturized preconcentration 
procedures for inorganic analytes is presented. A short description of the 
miniaturized procedures is included [4, 53]. 
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Table I.3. Classification of preconcentration procedures (classical and miniaturized) 
Classical preconcentration procedures Miniaturized preconcentration procedures 
Evaporation of the solvent 
Dialysis 
Distillation and volatilization (Vapor generation)  
Precipitation, coprecipitation 
Liquid-liquid extraction (LLE) 
Use of chelating agents and chelating resins 
Sorbents trapping 
Cryotrapping  and biotrapping 
Electrochemical deposition 
Cloud-point extraction (CPE) 
Solid-phase microextraction (SPME)  
   -Stir bar sorptive extraction (SBSE) 
Liquid-phase microextraction or liquid-liquid 
microextraction (LPME or LLME) 
  -Single drop (SDME)  
           -Direct single-drop (Direct-SDME) 
           -Headspace single drop (HS-SDME) 
           -Liquid-liquid-liquid (LLLME)  
           -Continuous-flow (CFME) 
  -Hollow fiber (HF-LPME) 
  -Dispersive liquid-liquid (DLLME) 
  -Directly suspended droplet (DSDME) 
  -Solidified floating organic drop (SFODME) 
Microdyalisis sampling 
Evaporation of the solvent is a simple and cheap procedure, which only 
consists of evaporating the solvent to a small volume. Loss of volatilization is the 
main drawback. On the contrary, dialysis is based on removing part of the matrix 
by means of a semipermeable membrane [4]. 
Distillation and volatilization are performed by heating and gas bubbling, 
respectively [4]. The volatilized compounds (hydrides of As, Se, Sn, Ge, Bi, Sb, etc.) 
are absorbed by an appropriate solution or condensed on a cooled surface 
(cryogenic trapping or cryotrapping) [54]. Generally, a derivatization step is 
required in order to increase the volatility by means of a chemical reaction [4].  
Precipitation and coprecipitation is scarcely employed for trace element 
preconcentration. Generally, hydroxide is employed for the coprecipitation of 
trace metal analytes [4, 12]. 
Chelating resins have different functional groups (carboxyl, hydroxyl, amino, 
etc.) allowing the separation and preconcentration of metal ions from water 
samples. An example of the use of chelating resins is the Chelex – 100 [55]. 
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The employed sorbents are made of active carbon, silica, alumina that allow 
the retention of analytes [4]. Living or dead organisms (algae, fungi, bacteria, etc.) 
has also been used as biosorbents for metal preconcentration (biotrapping) [56]. 
Electrochemical deposition is based on the preconcentration by deposition of 
metals (Ag, Au, Cd, Cu, etc.) on a platinum cathode and further dissolution of the 
deposited metals [4].  
Cloud-point extraction (CPE) is a simple and powerful technique involving 
non-toxic reagents. CPE is based on the use of non-ionic or zwitterionic surfactants 
for extraction of any species that interact with the micellar system (directly or after 
derivatization). The involved steps are solubilization of the analytes in the micellar 
aggregates, clouding and phase separation. However, the procedure is time-
consuming (1 h) [57, 58]. 
Liquid-liquid extraction (LLE) consists of a transfer of the analyte from the 
aqueous sample to a water-immiscible solvent. LLE is currently employed, even in 
standard methods, due to its simplicity and the wide availability of pure solvents 
[53]. Different metals are extracted by LLE by means of the formation of  a neutral 
complex, solvatation with ethers, ion-pair forming agents and chelate agents, 
which are soluble in organic solvents [4]. Liquid-liquid extraction (LLE), also named 
as solvent extraction, for metal ions preconcentration requires the formation of an  
organic-soluble complex or ion pair that could be extracted to an organic solvent 
[55]. 
Solid-phase extraction (SPE) allows the separation of the analytes of interest 
from an aqueous phase onto a solid sorbent. In SPE, the liquid sample passes 
through a cartridge containing an adsorbent that retains the analytes. The 
procedure involves several steps such as conditioning, loading, washing and 
elution. SPE enables the concentration and purification of analytes [59]. SPE is 
used for (i) removal of sample interferences and (ii) concentration or enrichment 
of the analyte [53]. The advantages of SPE over LLE are: (i) reduction of 
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consumption and exposure to solvents, (ii) lower disposal costs, (iii) short 
extraction time, (iv) more complete extraction of the analyte, (v) more efficient 
separation of interferences from the analyte, (vi) no emulsion formation [53, 60]. 
Applications of SPE for trace elements are reviewed by V. Camel [60]. 
Miniaturization of classical sample preparation techniques is a clear trend in 
analytical chemistry [61]. In this sense, since the 1990s miniaturization of 
separation and preconcentration procedures has been carried out in order to 
reduce the volume of reagents and wastes. 
Solid-phase microextraction (SPME) was developed as a miniaturization of 
SPE. SPME has also been accelerated within the implementation of the fibers 
incorporated into a microsyringe [53]. Stir bar sorptive extraction (SBSE) is similar 
to SPME. SBSE involves the use a polymeric-coated magnetic stir bar that it is 
immersed in the sample or exposed to the headspace of the sample [62]. 
Although LLE has been widely employed, this preconcentration technique 
displays a lot of drawbacks [62], as follows: (i) risks of emulsion formation, (ii) use 
of large volume of organic solvents, (iii) generation of high amounts of wastes, (iv) 
labor-intensive and (v) environmentally unfriendly.  
Miniaturization of LLE is pursued in order to solve these problems, what can 
be achieved by a drastic reduction of the extraction solvent volume, given rise to 
liquid-liquid microextraction (LLME) or liquid-phase microextraction (LPME). 
Different low-scale possibilities are single-drop microextraction (SDME), hollow-
fiber liquid-phase microextraction (HF-LPME), dispersive liquid-liquid 
microextraction (DLLME) [62], directly suspended droplet microextraction 
(DSDME) and solidified floating organic drop microextraction (SFODME) [63]. In 
SDME, the syringe is used as a holder of the drop, but in HF-LPME, DLLME, DSDME 
and SFODME the syringe is not employed during the microextraction process. 
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Several reviews focus on miniaturization of LLME [61-65] or some of their modes, 
such as SDME [66], HF-LPME [67] and  DLLME [68-72]. (Figure I.2). 
Four modes of single-drop microextraction (SDME) have been developed. In 
direct single-drop microextraction (Direct-SDME), a water-immiscible drop is 
suspended from a microsyringe needle and immersed into the aqueous sample; in 
headspace single-drop microextraction (HS-SDME), the drop is exposed to the 
headspace of the sample; in liquid-liquid-liquid microextraction (LLLME), the 
extraction of the analyte is produce from the aqueous sample to an organic 
solvent membrane and simultaneously to an aqueous drop; in continuous-flow 
microextraction (CFME), the sample is pumped continuously at a constant flow 
rate [62].  
Hollow-fiber liquid-phase microextraction (HF-LPME) entails the use of 
hollow fibers that are exposed to the sample. In the latter case, the extraction 
takes place in the pores of the hollow fiber where the solvent is immobilized [62]. 
Directly suspended droplet microextraction (DSDME) consists of a drop of 
organic solvent (with lower density than water) is placed on the surface of the 
aqueous sample while being stirred [63]. 
Solidified floating organic drop microextraction (SFODME) is similar to 
DSDME. However, in SFODME the organic solvent melting point is near to room 
temperature and after the extraction, the vial is placed in an ice bath so that the 
organic drop solidifies and being removed with a spatula for measurement [63, 65, 
73]. 
Microdyalisis sampling is a type of membrane technique based on semi-
permeable membranes [53, 74]. Microdialysis is scarcely applied for metal ions 





Figure I.2. Scheme of some of the miniaturized preconcentration procedures. HS-SDME, 
headspace single-drop microextraction; Direct-SDME, direct single-drop microextraction ; 
HF-LPME, hollow-fiber liquid-phase microextraction; DSDME, directly suspended droplet 
microextraction; SFODME, solidified floating organic drop microextraction. For SFODME 
an ice bath is employed. 
In the case of metal determination by LPME, derivatization reactions are 
required. Neutral complex formation is the preferred option by using complexing 
agents. Ion-pair and ligandless approaches are also employed [61].  
Determination techniques such as ETAAS [76], ETV-ICP-MS [77], ETV-ICP-OES 
[78] are directly combined with LPME, since only a few microliters are necessary 
for measurement. Nevertheless, the use of other analytical techniques such as 
FAAS [79], ICP-OES [80] requires dilution of the drop, since aliquots in the mL range 




Apart from the above mentioned techniques, other such as microvolume UV-
Vis spectrophotometry [81, 82], microvolume fluorospectrometry [83, 84], cold 
vapor atomic fluorescence spectrometry (CV-AFS)[85], X-ray fluorescence 
spectrometry [86], total reflection X-ray fluorescence spectrometry (TXRF) [87]and 
diffuse reflectance Fourier transform infrared spectroscopy [88] are increasingly 
employed. 
As DLLME is employed in the experimental work of this Thesis, it will be 
described in detail. 
I.1.3.1. Dispersive liquid-liquid microextraction (DLLME) 
DLLME was introduced by Rezaee et al. in 2006 for the preconcentration of 
organic compounds [89]. Since 2007, more than 80 papers have been published on 
the application of DLLME for metal preconcentration. In general, aqueous samples 
were analyzed due to its simplicity and low matrix effects [64]. Some examples of 
DLLME for trace metal determination are included in Table I.4. 
DLLME is based on the cloudy solution formed when an appropriate mixture 
of an extraction solvent and a disperser solvent is quickly injected into the aqueous 
sample containing the analyte and gently shaken (generally manually shaking for a 
few seconds) (Figure I.3). 
Turbidity is produced owing to the the formation of small droplets of 
extraction solvent, which are dispersed throughout the aqueous sample. 
Emulsified droplets result in a large interfacial area between extraction solvent an 
aqueous sample. The infinitely large surface area facilitates mass transfer 
(transition of analyte from aqueous phase to extraction phase) and reaction rate. 
Therefore, the equilibrium state is achieved quickly and the extraction time is very 
short [62, 65]. It could be even considered that the extraction is almost 
independent of time [71]. The mixture is then centrifuged and the fine droplets, 
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containing the enriched analytes, settle at the bottom of a conical tube. The 
determination of analytes in the sedimented phase can be performed by 
conventional analytical techniques. In general, electrothermal-atomic absorption 
spectrometry (ETAAS) [76, 90, 91], flame-atomic absorption spectrometry (FAAS) 
[92-94] and inductively-coupled plasma optical emission spectrometry (ICP-OES) 
[80] and UV-vis spectrophotometry [95] are employed. 
Some parameters that should be optimized in every procedure are the 
volume and nature of the extraction solvent and the disperser agent, the pH, the 
presence of salts in the medium. The extraction solvent is usually few microliters 
(generally about 1-3 % of the total volume of the extraction mixture [65]) of a high-
density organic solvent such as chlorobenzene, chloroform or carbon tetrachloride 
[71]. However, the disperser agent should have a high miscibility in both extractant 
and aqueous phases such as methanol, ethanol, acetone or acetonitrile [71]. 
 
Figure I.3. Scheme of the DLLME procedure 
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In the case of metal ion determination, derivatization reactions are required. 
In this sense, neutral complex formation is preferred since its solubility in the 
extraction solvent allows the transfer and enrichment of the analyte from the 
aqueous phase to the organic phase. There are three main approaches of DLLME, 
the use of complexing reagents, ligandless-dispersive liquid-liquid microextraction 
(LL-DLLME) and ion-pair dispersive liquid-liquid microextraction (IP-DLLME) [61].  
The use of a complexing agent such as, ammonium 
pyrrolidinedithiocarbamate (APDC) [76] and diethyldithiophosphoric acid (DDTP) 
[90] is the most widely spread. Ligandless approaches have been employed by the 
addition of chloride and hydroxide to form AgCl [94], PdCl2 [92], Cu(OH)2 [93]. Ion-
pair forming agents such as Violet blue R and Astra Phloxine R to form an adduct 
with AuCl4
- [91] and BF4
- [95], respectively, are less employed. Some applications 
and their experimental conditions are shown in Table I.4. 
Other important parameters are the extraction time, enrichment factor and 
extraction efficiency which are described in the following paragraphs. The 
extraction time in DLLME is defined as an interval between the injection of mixture 
of a disperser solvent and extraction solvent and centrifugation [71]. The 
enrichment factor (also named preconcentration factor) is calculated from the 
Equation (1): 
   
    
  
              (1) 
where EF, Csed and C0 are the enrichment factor, the analyte concentration in the 
sedimented phase and the initial concentration in the aqueous sample, 
respectively. The extraction efficiency (also named extraction recovery) is defined 
as the percentage of total analyte amount extracted into the sedimented phase is 
calculated from the Equation (2): 
    
    
  
   
    
   
                 (2) 
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where EE, Vsed and Vaq are the extraction efficiency, the volume of the sedimented 
phase and the volume of the sample solution, respectively. 
Some of the advantages displayed by DLLME are the following [64, 71]: 
(i) Faster, simpler, low cost and more environmentally-friendly than LLE  
(ii) Compatible with a range of analytical instruments  
(iii) Simplicity of operation 
(iv) High recovery and high enrichment factor achieved 
(v) Very short extraction time (a few seconds)  
(vi) It reduces and eliminates interferences originally present in the sample. 
However, DLLME also shows the inconvenience of not being a selective 
extraction method and interferences of co-extracted analytes may be observed in 
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E.F., enrichment factor; DLLME, dispersive liquid-liquid microextraction. DDTP 
(diethyldithiophosphoric), APDC (ammonium pyrrolidinedithiocarbamate), HYD (1-hydroxy-2, 5-
pyrrolidinedione) and PAN (1,2-pyridylazo-2-naphtol) are complexing reagents. 
  
I.1.4. Future prospects 
The pursuit of fast, reliable, safe and easy to operate analytical techniques is 
one of the main goals of every current analysis lab. Following that premises, 
another type of energy that could be used for accelerating different steps in the 
analytical process is the ultrasound energy, which is increasingly used. In the next 
section (Section I.2), fundamentals of ultrasound are described and then the 
applications of ultrasound for sample preparation in the context of green analytical 












I.2. New strategies for sample pretreatment by means of ultrasound energy 
I.2.1. Fundamentals of ultrasound 
Sound is transmitted through a medium (solid, liquid or gas) as a pressure 
wave by inducing vibrational motion of the molecules forming part of it [97]. 
However, the sound energy needs to be generated within the liquid itself in order 
to produce real effects, because of the inefficient transfer of sound energy from 
the air into a liquid [98]. 
Sound waves are usually represented as a series of vertical lines, where 
intensity is related to the separation between them, or as a sine wave where 
intensity is related to the amplitude [97]. 
Ultrasound is a type of sound with a frequency higher than the human 
hearing threshold (1-16 kHz) [99]. 
The devices used in order to generate ultrasound energy are transducers 
(energy converters) composed of piezoelectric material. The application of an 
electrical potential at sufficiently high frequencies to this material converts the 
electrical energy to mechanical vibration energy (sound) [98].  
I.2.2. The phenomenon of cavitation 
The pressure wave caused by the transmission of ultrasound in a liquid 
medium provokes an oscillation of the molecules around their mean position 
(compression and expansion) [97]. During the compression cycle, the average 
distance between the molecules decreases, while during rarefaction or expansion 
cycle distances increases.  
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During the expansion cycle, when a large negative pressure is applied to the 
liquid, it pulls molecules away from one another. Therefore, the distance between 
molecules can reach a critical distance then the liquid breaks down and the 
cavitation bubbles are formed (create cavities in the liquid) [97, 100]. High 
temperatures (around 5000 ⁰C) and pressures (1000 - 2000 ⁰C) are reached inside 
the cavitation bubbles [97-100]. 
The compression of cavities in irradiated liquids is so rapid than little heat can 
escape from the cavity during collapse. The surrounding liquid, however, is still 
cold and will quickly quench the heated cavity [100]. 
 This process is also known as ‘Theory of Hot Spot’ because of the extreme 
conditions reached inside the cavitation bubbles ‘hot spot’ [100] and as ‘cold 
boiling’ because the surrounding of the bubbles is cold [99]. 
Cavitation is a nucleated process, that is, it occurs at preexisting weak points 
in the liquid, such as, gas-filled crevices, suspended particulate matter or transient 
microbubbles from prior cavitation events [100]. 
The cavitation process is shown in Figure I.4. 
I.2.3. Factors influencing cavitation  
The different process occurring during cavitation (bubble formation, bubble 
growth and cavitational collapse) can be affected by the different factors. 
An increase of the ultrasonic frequency, solvent viscosity, solvent volatility, 
temperature, external applied pressure produces a decrease of the resultant 








Figure I.4. Representation of the development and collapse of cavitation bubbles [97, 101]   
More power is required at a higher frequency if the same cavitational effects 
are maintained, because of the insufficient time for the expansion cycle to allow 
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the growth of the bubble and the disruption of the liquid. More power is also 
required for viscous liquids or liquids with high surface tensions, because the 
formation of cavities in a liquid requires that the negative pressure in the 
expansion cycle must overcome the natural cohesive forces, and the cavitation is 
more difficult to produce in viscous liquids. Low temperature or solvents of low 
vapor pressure should be employed to get the maximum sonochemical effects. 
Increasing the external applied pressure, the negative phase of the sound will no 
longer exist, and therefore it will eliminate cavitation [98]. 
In the case of an increase of the intensity, it provokes an increase in the 
cavitation effects. The addition of a surfactant to an aqueous solution facilitates 
cavitation. The intensity of ultrasound is attenuated as it progresses through the 
medium.  Part of the energy is dissipated in the form of heat [97, 98, 101].  
Increasing the gas content in a liquid reduces the cavitational threshold and 
the intensity of the shock wave released as the bubbles collapses. The presence of 
particulate matter also lowers the cavitation threshold. 
I.2.4. Effects of ultrasound on chemical systems 
The interest in ultrasounds springs from the enhanced chemical reactivity 
because of the high temperatures and pressure reached inside the cavitation 
bubbles. There are different types of effects, depending on the media where they 
are applied [98]. 
a) Homogenous medium 
In a homogenous liquid medium, the mechanical and chemical effects 
caused by cavitation could be divided into three processes. Inside the 
cavitation bubble, acting as a microreactor, contains solvent vapor which is 
subjected to extreme conditions (high temperatures and pressures).The 
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solvent suffers fragmentation to generate reactive species, such as radicals 
(●OH and H● in the case of water as solvent). In the interface, the conditions 
are not so great. And in the bulk media, an intense shockwave produced on 
collapse will induce enormous shear forces [97, 98]. 
b) Heterogeneous medium: liquid-liquid 
Cavitational collapse in a medium containing two immiscible liquids can 
cause the formation of an emulsion. It provides enormous interfacial 
contact areas between both liquids and it is beneficial for reaction between 
the phases [97, 98]. 
c) Heterogeneous medium: solid-liquid 
The cavitational collapse can affect the surface of solids in two ways: (i) on 
the surface of the solid due to the presence of surface defects, entrapped 
gases or impurities resulting in fragmentation and (ii) close to the surface of 
the solid causing a microstream or microjet of solvent, which hits the 
surface resulting in a cleaning action [97, 98]. 
According to that, the effects produced in macroscale are the following: 
(i) Acoustic cavitation on powders suspended in a liquid produces 
interparticle collisions, which can lead to erosion, surface cleaning, 
wetting of particles and particle size reduction [98]. It results in an 
increase of the surface area in contact between the solid and the liquid 
phase and higher solvent penetration, enhancing chemical reactions and 
component extraction from the solid. 
(ii) An exposure to ultrasound of biological systems causes firstly a thinning 
of cell wall/membrane and finally cell wall/membrane disruption [98]. It 




The ultrasonic devices generally applied in the laboratories are the ultrasonic 
bath and ultrasonic probe. However, new ultrasonic processors are the cup-horn 
sonoreactor and multiprobes (coupling of several probes) among others [102].  
These devices are based on electromagnetic transducers, which are designed 
to convert either mechanical or electrical energy into ultrasound [101]. Three 
ultrasonic processors are shown in Figure I.5. 
 
Figure I.5. Ultrasonic devices. (A) Ultrasonic bath, (B) ultrasonic probe and (C) cup-horn 
sonoreactor   
a) Ultrasonic bath 
An ultrasonic bath consists of a stainless steel tank with the transducers 
placed in the base. Some baths are provided by a thermostatically controlled 
heater. Generally, the irradiation power of baths is comprised between 1 and 5 W 
cm-2 [102, 103]. 
This ultrasonic processor is the most widely employed by chemists, because 
of the cheapest price and the ease of use. No special adaptation of chemical 
apparatus is required [98, 101]. It has been traditionally called ultrasonic cleaning 
bath because it was used for cleaning of surfaces, decontamination of water and in 
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the food industry (it allows destruction of some fungi, bacteria and virus). It is 
often employed for degassing (e. g. previous chromatography) [98].  
However, it is not a powerful tool because indirect sonication takes place. 
The ultrasound wave needs to cross the sample container to reach to the sample, 
which results in less efficiency. Another drawback is the lack of repeatability and 
reproducibility, because the cavitational efficiency decrease with the distance to 
the transducer [104] and with the lifetime of the processor [98]. 
b) Ultrasonic probe 
Originally these devices were simply adaptations of biological cell disrupters. 
In fact, ultrasonic probe has been used with the aim of breaking cell 
wall/membrane to release the cellular contents without destroying them [98]. 
Nevertheless, lately many researchers noticed that a number of disadvantages 
derived from the use of ultrasonic bath could be avoided employing an ultrasonic 
probe. 
Probe sonicators allow the amplitude control and pulse mode [97, 102]. 
Ultrasonic probes are usually made of titanium alloy (e. g. Ti-6Al-4V) and are 
resistant to temperature and corrosive media [97, 102], but a media of 5 % v/v HF 
produced a thinning of the tip [105]. 
The ultrasonic power provided by the probe is at least up to 100 times 
greater than the one supplied by the bath [97, 102]. They can generate a power 
density in the range 50 - 750 W cm-2 [103]. The ultrasonic probe involves direct 
sonication, i. e. the tip of the probe is directly immersed into the sample vessel. 
Due to this fact, the reduction of solid particles dimension is better than with the 
ultrasonic bath [103]. 
Despite the great efficiency sonication provided by the ultrasonic probe, 
some problems lead with the use of probe sonicators: (i) volatile components can 
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be lost because of the degassing effects of ultrasounds, (ii) large amount of heat 
generated and (iii) tip erosion could occur as a result of cavitation and could be a 
source of metal contamination [97, 98]. 
c) Cup-horn sonoreactor 
The cup-horn sonoreactor is a highly intensity ultrasonic bath. It can be used 
for direct and indirect sonication. With this system ultrasound are not transmitted 
into the liquid via the tip of a sonotrode but via the oscillating bottom of a 
compact chamber. The oscillating bottom of the sonoreactor, screwed to the 
transducer, is made of extremely durable titanium alloy. 
The sonoreactor is 50 times more intense than an ultrasonic bath and less 
intense than probe sonicators [102]. It allows amplitude control and pulse mode 
like the ultrasonic probe. On the other hand, the cup-horn sonoreactor can 
accommodate up to six Eppendorf vials, if an adaptor is used, increasing the 
sample throughput and the reproducibility of the process. In addition, cup-horn 
sonoreactor avoids contamination and loss of volatilization with indirect sonication 
because the vials are closed, and no foreign objects are introduced in the sample 
vial. 
I.2.6. Areas of application 







Table I.5. Some industrial uses of ultrasound [101] 
Field Application 
Biology, biochemistry Homogenization and cell disruption. 
Chemistry Synthesis, catalysis, electrochemistry, analytical chemistry. 
Dentistry Cleaning and drilling or teeth. 
Engineering 
To assist drilling, grinding, cutting hard brittle materials (glass, ceramics) and leather 
[106]. For welding (plastics and metals) and metal tube drawing. 
Environmental Water decontamination (remove of Hg) [107]. Treatment of sewage sludge [108]. 
Food, cosmetics Ultrasound is used for emulsification (milk, mayonnaise, pharmaceutical products). 
Geography, Geology For the localization of mineral and oil deposits. SONAR and RADAR. 
Industrial Dispersion of pigments and solids in paints, inks and resins. Cleaning of surfaces [109].  
Medicine 
Obtaining images (fetus and for surgical operations). Physiotherapy for the treatment 
of muscle strains, dissolution of blood clots and cancer treatment [110, 111]. 
I.2.7. Ultrasound in analytical chemistry 
Several applications of ultrasound energy exist in the field of Analytical 
Chemistry. Ultrasounds can accelerate the preliminary steps of the analytical 
process, the sample preparation strategies and is even employed in detection 
systems [24, 101]. 
1.2.7.1. Preliminary uses in the lab 
One of the most widespread uses of ultrasound energy is the cleaning of the 
lab material [101]. Moreover, ultrasonic solvent degassing and defoaming are used 
to remove the dissolved gas from a liquid solution previous to chromatographic 
analysis and molecular spectrometric detection [24, 101].  
1.2.7.2. Ultrasounds in sample introduction 
Besides ultrasonic slurry sampling (USS) aimed to the introduction of solid 
suspensions in ETAAS and ETV-ICP-MS, ultrasounds have been used to assist 
sample introduction into other analytical systems. Ultrasonic nebulizers have been 
employed in plasma-based spectrometry and for electrospray ionization [24, 101]. 
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The removal of particles from gases and liquids is carried out by ultrasound-
assisted agglomeration or aggregation and ultrasonic filtration by means of a 
combination of ultrasonic particles aggregation and gravity sedimentation [24, 
101]. 
1.2.7.3. Ultrasound-assisted treatment of solids 
Ultrasound-assisted treatment for solid samples involves different degrees of 
dissolution. Several approaches in the analytical process, i. e. slurry sampling, 
extraction, pseudodigestion, digestion and dissolution without sample 
decomposition are accelerated with ultrasound energy. All of them are described 
from the point of view of the green analytical chemistry in the Section I.3. 
Ultrasound-assisted citosol preparation has been employed for the 
determination of Cd and Cu bound to metallothioneins in mussel tissue followed 
by ICP-MS since this preparation simplifies the multiple steps involved in the 
traditional approaches [112]. 
1.2.7.4. Ultrasound-assisted treatment of liquids 
Ultrasound-assisted treatment of liquids involves several approaches, as 
follows. 
Ultrasound-assisted liquid-liquid extraction has also been utilized for the 
extraction of aroma compounds from wine [113] and honey [114]. In this process, 
emulsification is undesirable. 
Ultrasound energy has also been employed to obtain more stable and 
homogeneous emulsions than manually and mechanically generated emulsions, 
which give rise to ultrasound-assisted emulsification [115]. This strategy improves 
sample processing in oils [116], fuels [117], cosmetic [118] and pharmaceutical 
products previous to trace element analysis by spectrometric techniques such as, 
flame-atomic absorption spectrometry (FAAS) [118], electrothermal-atomic 
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absorption spectrometry (ETAAS) [117, 118], inductively-coupled plasma optical 
emission spectrometry (ICP-OES) [118], inductively-coupled plasma mass 
spectrometry (ICP-MS) [116, 118], chemical vapor generation coupled with atomic 
absorption spectrometry (CVG-AAS) [118] and atomic fluorescence spectrometry 
(AFS). Although, ultrasonic bath is generally used, ultrasonic probe accelerates the 
emulsification process. Both ultrasonic processors are used in combination with a 
surfactant, for example Triton X-100, CTAB (cetyl trimethylammonium bromide), 
etc.  
Several food industry employed ultrasound-assisted homogenization in milk, 
yogurt or ice cream processing due to the stirring, mixing and agitating capabilities 
of ultrasounds [24, 101]. 
Liposomes are spherical vesicles formed by the aggregation of phospholipid 
formin a phsopolipd bilayer. They can be used as target analytes, matrices of the 
target analytes or in different applications. Ultrasound-assisted liposomes 
preparation facilitates the formation of liposomes artificially by mixing and without 
increasing the temperature. Besides, several ultrasound-assisted applications of 
liposomes are described in the literature [101].  
1.2.7.5. Other uses of ultrasounds 
Ultrasounds can be used to shorten processing time in chemical reactions 
such as derivatization, oxidation and hydrolysis [101]. 
Acoustic levitated droplets avoid the contact of the sample with the 
container walls [24, 101]. Reviews concerning the principles and applications in 
analytical chemistry have been published [119].  
Ultrasound has also been coupled with electroanalysis improving its 
sensitivity. The benefits provided by ultrasound energy are the following: (i) very 
high mass transport of electroactive species and their products to and from the 
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electrode surface; (ii) alterations of reaction mechanisms due to presence of 
reactive radicals (●OH and H●); (iii) reduction of the species adsorpted and (iv) easy 
cleaning and activation of electrode surface [24, 101].  
Moreover, ultrasound-assisted cold vapor generation has been developed for 
Hg species (i. e. Hg (0), Hg (II), CH3Hg
+) [120, 121]. The mechanism involves the 
reduction of Hg (II) and CH3Hg
+ to Hg (0) and subsequent volatilization of Hg (0) in 
the presence of formic acid and other reagents [120, 121]. Then, a combination of 
ultraviolet and ultrasound energy has been exploited for Hg vapor generation from 
biological tissue [122]. 











I.3. Ultrasound-assisted pretreatment of solid samples in the context of 
green analytical chemistry 
I.3.1. Introduction 
Green Analytical Chemistry (GAC) is a sustainable development concept, 
intended to remove or to minimize the environmental impact caused by analytical 
methodologies [123]. Of the 12 principles of Green Chemistry [124], those more 
closely related to analytical chemistry are: 
(1) prevention (principle 1); 
(2) safer solvents and auxiliaries (principle 5); 
(3) design of energy efficiency (principle 6); 
(4) to diminish derivatives (principle 8); 
(5) real-time analysis for pollution prevention (principle 11); and, 
(6) inherently safer chemistry for accident prevention (principle 12). 
GAC principles can be implemented at each stage of the analytical process. A 
few review articles have been published to highlight the role of GAC [125, 126]. 
Characteristic features inherent to sample-pretreatment operations (e. g., amount 
and nature of solvents, safety of operation, energy involved, time required and 
waste production) should be the focus in order to assign a ‘greenness’ profile. 
Ultrasound has found applications in many fields (e. g., remediation, organic 
synthesis, industrial applications [98]. In the past decade, ultrasonic processors 
have been recognized as efficient tools in the analytical laboratory to fulfill 
different goals. From general uses (e. g., degassing and cleaning) to more specific 
ones (e. g., extraction, derivatization, homogenization, emulsification), ultrasound 
can be implemented in many ways to enhance analytical processes [127]. 
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Implementation of ultrasound in solid-sample pretreatment, prior to 
determination of organics, ions and elemental species, significantly shortens 
operation times, and, in turn, enhances other “green” aspects (e. g., solvent 
consumption and energy requirements). Ultrasound can drive processes (e. g., 
extraction, dissolution and digestion) when applied to finely powdered solids 
dispersed in a liquid medium, as a result of the conditions derived from cavitation 
(Figure I.6A). Thus, high local temperatures inside collapsing cavitation bubbles can 
cause an increase in analyte solubility and solvent diffusivity inside the solid 
particles. High pressure occurring during micro bubble implosion improves solvent 
penetrability and transport. Surface renewal caused by particle fragmentation 
makes it possible for more analyte to come in contact with the solvent (Figure 
I.6B). Cell disruption occurs for biological samples, with the subsequent release of 
encapsulated analytes. Also, formation of oxidizing radicals in the bulk liquid (e. g., 
OH•) and H2O2 should help the oxidation of organic matrices [98]. 
Ultrasound-assisted sample pretreatments are clearly greener than more 
classical ones using large amounts of solvents and long operation times. In short, 
implementation of ultrasound brings about the following advantages from the GAC 
perspective (Table I.7): 
(1) significant shortening of many processes (e. g., digestion, extraction, 
solubilization) with subsequent saving in energy; 
(2) use of less solvents and/or at lower concentration; 
(3) safer procedures, since operation is performed at almost room temperature 
and atmospheric pressure; 
(4) fewer opportunities for contamination and/or analyte losses during 
pretreatment; and, 
(5) achievement of ecofriendly and low-cost methods with increased productivity. 
Chapter I 
53 
In recent years, several reviews [103, 104], books [101, 128] and book 
chapters [97, 123] have been published on the use of ultrasound for sample 
pretreatment. In this section, we discuss the role of ultrasound energy in solid 
sample pretreatment from the perspective of GAC. Several processes (e. g., 
digestion, extraction and dissolution) can be enhanced by ultrasound, thus 
replacing treatment methods that involve high consumption of solvent, production 

















pment and collapse of cavitation bubbles. (B) Cavitational collapse at a solid-liquid 
interface. The sequence (1), (2) and (3) shows a scheme of the fragmentation or 
disruption due to gas trapped on the defects on the solid surface giving rise to 
particle-size reduction (increase in surface area). 
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Table I.7. Comparison of greenness issues of typical sample pre-treatment techniques 




Time Energy Safety Solvents 
Inorganic  
Dry ashing 6-8 h High 
consumption 
Very safe Use of small volumes of 
diluted acids to solubilize 
the ash 






Risk of explosion and 
spills 




assisted digestion  
(Closed vessel) 
< 1h Moderate 
consumption 
Risk of explosion; 








Soxhlet 6-24 h High 
consumption 
Exposure risk to 
organic vapors 










risks with closed 
vessels 








Very safe (high 
pressure and 
temperature) 
2-5 mL (solid trap); 








Very safe (high 
pressure and 
temperature) 
10-40 mL of organic 
solvents 
Organic and inorganic  
Ultrasound-
assisted 
extraction with a 
bath sonicator 
< 1 h  Moderate 
consumption 
Very safe, extractions 
performed at 
atmospheric 
pressure and room 
temperature 
Use of moderate volumes 
of concentrated mineral 
acids and organic 
solvents for inorganic and 






< 5 min Moderate 
consumption 
Very safe; extractions 
performed at 
atmospheric 
pressure and room 
temperature 
Use of small volumes (1-
15 mL) of diluted mineral 
acids and organic 
solvents for inorganic and 




A variety of ultrasonic processors can be employed for implementation of 
ultrasound in laboratory applications (e. g., ultrasonic bath, ultrasonic probe, and 
cup-horn sonoreactor), each one with different performance. Figure I.7 shows a 
graph with the number of publications concerning ultrasound-assisted solid-
sample pretreatment per year. Around 167 papers for metals and organometals 
and 337 papers for organic compounds were published between 1996 and 2010 
dealing with concepts “ultrasoundassisted digestion” (UAD), “ultrasound-assisted 
extraction” (UAE), “ultrasonic extraction” (UE) and “ultrasound-assisted leaching”. 
Figure I.7. Graph showing the number of publications concerning ultrasound-assisted 
extraction of metals, organometals and organic compounds. 
I.3.2. Ultrasound-assisted digestion 
For many methods, complete matrix decomposition is needed to solubilize 
the analytes. UAD has been implemented to enhance the following applications: 
(1) total element determination in solid samples; 
(2) determination of the chemical oxygen demand (COD); and, 
(3) enzymatic hydrolysis for total element determination, element speciation and 
protein identification through peptide fingerprinting. 
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I.3.2.1. Trace-element analysis 
In spite of being very efficient, microwave (MW)-assisted digestion in closed 
vessels demands high inertness of the vessel walls, because impurities can be 
leached from the walls at high temperature. Moreover, vessel materials 
transparent to MW (e. g., PTFE) cannot be used with H2SO4 (b.p. 330 ⁰C) at 
temperatures above 200 ⁰C, and others (e. g., quartz) are incompatible with HF.  
New possibilities for acid digestion can arise when ultrasound energy is 
applied. Several papers have been published on this subject [129-133]. Ultrasound 
irradiation aimed at matrix decomposition allows mild conditions (room or nearly 
room temperature, atmospheric pressure) to be applied. High local temperatures 
and pressures reached inside the cavitation microbubbles benefit sample 
digestion. However, temperature should be kept as low as possible in the reaction 
medium to get maximum sonochemical effects [97, 98]. Moreover, acid digestion 
carried out in open vessels is safer than acid attacks under pressure, although 
concentrated acids or their mixtures are still needed. As a consequence, indirect 
sonication (ultrasonic bath, cup-horn sonoreactor) should be employed if 
concentrated mineral acids are required, because the probe-tip could be damaged 
in direct sonication devices (i. e. ultrasonic probe). Since probe-tips made of 
titanium are incompatible with HF, samples requiring this acid to destroy the 
silicate matrix have usually been digested in ultrasonic baths, which provide much 
lower sonication power than ultrasonic probes. Apart from that, sample vessels 
are subjected to different intensities of ultrasonic energy depending on their 
positions inside the bath, and that reduces precision. 
For many matrices, a pseudodigestion (i. e. partial matrix decomposition) is 
achieved [134, 135] {e. g., applications have been reported for edible citric acid 
[133], tobacco filters and cigarettes [130], fly ash [131], pine needles [132], fish 
muscle, sewage sludge, soils and sediments [133]}.  
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The main analytical techniques include atomic absorption spectrometry (AAS) 
and inductively-coupled plasma optical emission spectrometry (ICP-OES). In 
general, when using ultrasonic baths, digestion times are often reported to be 
longer that MW-assisted digestion in closed vessels. 
Ultrasound has also assisted sample digestion for determination of Kjeldahl 
nitrogen [136]. 
I.3.2.2. Chemical oxygen demand 
COD is an important monitoring parameter for environmental impact 
assessment, as it reflects the degree of organic pollution in waters. It refers to the 
amount of oxygen equivalents consumed in the oxidation of organic compounds 
by strong chemical oxidants (e. g., K2Cr2O7, KMnO4). Conventional COD methods 
involve long treatments (i. e. 2 h) in the presence of toxic oxidants [e. g., Cr (VI)] in 
strong acid media (H2SO4) and toxic catalysts [e. g., Hg (II), Ag (I)]. There has 
therefore been increased attention paid to development of alternative COD tests 
with decreased reagent consumption and time required to accomplish the 
oxidation of organic matter. Other digestion approaches have been developed in 
recent years with the assistance of ultrasound in an attempt to shorten the 
treatment time and/or the concentration of acids (e. g., determination of the 
COD). Thus, the digestion time can be diminished from 2 h to 2 min upon 
application of ultrasound through a glass sonotrode immersed in an open vessel 
[137]. 
Replacement of traditional chemical oxidants and acids employed in the COD 
determination by a green oxidizing agent (i. e. Mn3+) was recently reported [138]. 
In this case, the greenness of the COD determination was dramatically enhanced 
since, apart from using an environmentally friendly oxidizing agent, total digestion 
time was shortened. 
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I.3.2.3. Enzymatic digestion for trace element analysis 
Enzymes are biocatalysts that can be used for digestion of biological 
substrates prior to analysis. Enzymes have been involved in sample pre-treatment 
for determination of total-element contents and also for speciation analysis [139]. 
In the context of GAC, digestion using hydrolytic enzymes is attractive, since mild 
conditions can be employed (e. g., pH close to 7 in most cases, room temperature 
and atmospheric pressure). However, long treatments (i. e. several hours) are 
generally needed to achieve efficient digestion and subsequent element release 
from solid samples. 
In recent years, a few papers have addressed the increase in enzymatic 
kinetics by high-intensity ultrasound (i. e. using ultrasonic probe systems) [140], 
but the effect of ultrasound irradiation on enzyme activity is still controversial. It 
has been claimed that cavitation can boost enzyme-substrate kinetics [141], but 
some reports have also pointed out the denaturation of the enzymes and their loss 
of activity [142], so factors influencing enzyme stability (e. g., pH, ionic strength, 
and enzyme mass) need to be carefully studied. 
Ultrasound-assisted enzymatic digestion using probe sonication does not 
seem to improve the performance of UAE (mentioned below) with diluted acids or 
soft extractants for total-element analysis or speciation, and new studies should 
clarify to what extent the solid-liquid extraction observed in a particular situation 
occurs as a result of enhanced enzymatic activity or typical effects of cavitation 
itself. Applications of this technique to organic analysis are rare and usually focus 
on isolating target fractions [143]. 
I.3.2.4. Enzymatic digestion of proteins 
Fast identification of proteins is the key in proteomic studies. Classical 
treatments for protein identification based on peptide-mass fingerprint obtained 
Chapter I 
59 
through mass spectrometry (MS) techniques are complex and time consuming (24 
– 28 h). These treatments can be speeded up by applying ultrasound [144]. 
Protein digestion can be performed following two different strategies: 
(1) in-gel digestion, in which a protein is separated using gel electrophoresis; 
and, 
(2) in-solution digestion, in which proteins are separated by liquid 
chromatography. 
For example, when ultrasound is applied in each stage of in-gel protein 
treatment (i. e. washing, reduction, alkylation and digestion), the operation time 
can be typically reduced from 24 h to just 25 min [145]. It has been hypothesized 
that the acceleration of the enzymatic digestion step occurs as a result of the 
diffusion rates of the enzyme being enhanced by cavitation. 
I.3.3. Ultrasound-assisted extraction 
The use of ultrasound for speeding up solid-liquid extraction of elements 
from different matrices has been exploited in different ways: 
(i) determination of total-element contents using diluted acids [146]; 
(ii) speciation analysis using suitable extractants [147]; and, 
(iii) dissolution of different solid phases in environmental samples (e. g., 
organic matter, oxides, carbonates), aimed at obtaining information 
about the potential mobility and bioavailability of elements [148]. 
I.3.3.1. Trace-element analysis 
A variety of acid media have been employed for UAE of metals depending on 
the matrix. The elements most subject to UAE are Cu, Pb, Zn, Cd, Cr, Ni, Mn, Fe and 
As (Figure I.8). The techniques most commonly applied for element detection were 
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flame atomic absorption spectrometry (FAAS) and electrothermal-atomic 
absorption spectrometry (ETAAS), depending on metal concentration (Figure I.9A). 
However, the use of ICP-OES and ICP-MS has been increasing in recent years. 
Studies have pointed out that highly efficient sonication (e. g., provided by probe 
systems) allows use of much diluted acids, hence low-cost, environment-friendly 
methods {e. g., HNO3 at a concentration of only 3% v/v is enough for quantitative 
extraction of many elements from many biological samples [146]}. Ultrasonic baths 
employed for this purpose generally lack sufficient sonication power to achieve 
fast extractions, so higher acid concentrations, close to those employed for 
digestion, are typically recommended [149, 150]. 
 
Figure I.8. Metals extracted by ultrasound energy and relative number of applications (in 
percentage). The group ‘other <1%’ includes: Ag, Ge, Tl, Sr, Mo, B, Be, Bi, Sb, Ti, U, Cs, In, 
Ir, Os, P, Rb, Rh, Ru, Si, Zr, Pd and Pt. 
Ultrasonic baths are suitable for situations where extractions can be 
accomplished with soft extractants in a relatively short time. This is particularly 
true for many environmental and industrial hygiene samples (e. g., airborne 
particles, dust, and filters), where pollutants can bind to the surface [151, 152]. 
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From the standpoint of GAC, powerful probe and cup-horn sonication 
systems therefore more closely meet the conditions required. In the context of 
GAC, UAE is advantageous over other techniques discussed in this section (e. g., 
MW digestion and UAD). UAE is carried out at normal pressure and room 
temperature, with a small amount of acids and at low concentration. The analyte 
may separate from the matrix, facilitating the removal of interference effects. 
It is sometimes difficult to distinguish between digestion and extraction 
processes assisted by ultrasound, and it depends on the type of extractant and its 
concentration, the equipment employed for ultrasound irradiation and the nature 
of the substrate. Thus, with acids (e. g., HCl at low concentration), the possibilities 
of matrix decomposition are minimal, so extraction then predominates. However, 
the use of HF, even at low concentration in the extractant solution, can easily 
attack the crystal lattice of silicates, causing matrix decomposition to some extent, 
so this use is more likely in a digestion process. 
A significant number of applications during past decade have been metal 
extraction by ultrasound using acidic extractants {e. g., food [146], sewage sludge 
[153], plant tissue [154], fly ash [155], and clinical samples [156]}. Studies have 
shown metal extractability is easier from biological samples than from inorganic 
samples (e. g., sediment) [155]. Several applications have also reported using 
continuous UAE {e. g., food [157] and clinical samples [158]} with good 
performance and low acid concentration. Despite the lower ultrasonic energy 
reaching the sample inserted in a minicolumn, compared to direct insertion of an 
ultrasonic probe into a suspension of the powdered material, the repeated 
passage of acidic extractant through the column containing the solid material 
allows efficient extraction with minimal consumption of acid and high sample 
throughput in an automated way. 
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Table I.8 shows a selected number of applications. Apart from metals, specific 
applications of UAE to anions (e. g., fluoride, chloride, nitrate and sulfate) have 
also been reported [159]. 
ASV: Anodic stripping voltammetry, ETAAS: Electrothermal-atomic absorption spectrometry, 
FAAS: Flame-atomic absorption spectrometry, ICP-MS, Inductively-coupled plasma mass 
spectrometry; ICP-OES, Inductively-coupled plasma mass spectrometry; INAA, Instrumental 
neutron activation analysis. 
I.3.3.2. Trace-organic analysis 
Many applications have been published on UAE of organic compounds at 
trace levels from solid samples (e. g., food, environment, medicine, and industry). 
Application of ultrasound to the suspended solid material in an appropriate 
solvent using bath or probe sonication requires prior optimization of several 
factors (e. g., amount of sample, particle size, type of solvent, extraction time and 
temperature being among the most relevant). 
For solid-liquid extraction of organic analytes, Soxhlet extraction is the 
reference method for comparison [160]. As in other modern extraction techniques 
included in Table I.7 (e. g., accelerated solvent extraction and supercritical fluid 
extraction), the amounts of solvent required to accomplish the process are much 
smaller. A possible risk in application of UAE to organics is the potential 
degradation that may occur upon sonication [161]. We should take into account 
that ultrasound is the basis for some advanced oxidation processes (AOPs) [162], 







Table I.8. Selected applications of ultrasound-assisted extraction for trace elements 










soils and fly 
ash 
Cd, Pb, Mn, Ni, Cr  Different mixtures 
3-10 % v/v HNO3, 
5 % v/v H2O2, 5 % 






















Probe/ 5 min  FAAS  [163] 
Fish and 
shellfish 
As, Se, Ni, V 0.5 -3 % v/v HNO3 Probe/3 min ETAAS [146] 
Hair samples 
 
Al, As, Ba, Be, Cd ,Co, 
Cr, Cu, Mn, Pb, Tl, U, 
V, Zn, Mo, Se 








Cd 2 or 3M HNO3 
 




Al, As, Ag, Ba, Bi, Ca, 
Cd, Co, Cr, Cs, Cu, Fe,  
Ge, In, K, Mg, Mn, 
Na, Ni, Pb, Rb, Sb, Se, 
Sr, Zn, Zr 
1 % v/v HNO3 (Fe, 
Al need 10 % v/v 

















Pb, Cu, Zn, Ni, Mn HNO3:HClO4:HF 
(2:1:1)  v/v/v 
 
Bath/25 min FAAS [149]  
Sewage 
sludge 
Cd, Cu, Co, Cr, Ni, 
Mn, Pb, Zn 
HNO3:HCl (1:1) 
 
Probe/20 min ICP-OES 
 
[153] 
Slag Mn H2SO4:HCl (4:0.3) 
Citric acid 
Bath/35 min AAS [164] 
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As pointed out above, organic compounds can be degraded through several 
mechanisms occurring during cavitation (e. g., thermolysis and attack by extremely 
reactive OH• radicals). Nevertheless, this unfavorable behavior is more likely to 
occur when high-intensity ultrasound (i. e. probe sonication) is applied for 
extraction, as compared to bath sonication. 
Another relevant issue is that recovery may be lower than with other solid-
liquid extraction techniques and the need for an efficient clean-up prior to 
chromatographic separation, mainly when biological samples are involved. The 
techniques used most for detection and quantification of organic compounds after 
UAE are GC-MS and HPLCUV (Figure I.9B). 
Figure I.9. Analytical techniques most employed using ultrasound-assisted extraction. (A) 
for metals and organometals; (B) for organic compounds (nd: non-defined detector). CV, 
Cold vapor; AFS, Atomic fluorescence spectrometry; ETAAS, Electrothermal-atomic 
absorption spectrometry; FAAS, Flame-atomic absorption spectrometry; FD, Fluorescence 
detector; FID, Flame-ionization detector; GC, Gas chromatography; HG, Hydride 
generation; HPLC, High-performance liquid chromatography; ICP-MS, Inductively-coupled 




Applications of UAE for the determination of organic compounds at trace 
level include: flavonoids [165], phenolic compounds [166], antioxidants [167], 
catechins [168], anthocyanins [169], anthraquinones [170], pesticides [171], 
aflatoxins [172], polycyclic aromatic hydrocarbon (PAHs) [173], fatty acids [174], 
polysaccharides [175], humic substances [176], and polychlorinated biphenyls 
(PCBs) [177].  
Typical extractants are methanol, ethanol, acetonitrile and acetone in the mL 
range of volume and the sonication times in the range 2 - 120 min. In GAC 
protocols, organic non-toxic solvents (e. g., ethanol) are preferred over other 
solvents. The number of applications of ultrasonic baths is three times that of 
ultrasonic probes for organic compound extraction, possibly due to the potential 
decomposition of some organic compounds at the high ultrasound energy applied 

























Air  PCBs 0.5 mL n-hexane Bath/10 min GC-MS [177] 
Bakery products Fatty acids 1.25 mL n-
hexane 
Probe/6 min GC-MS [174] 











10 L 50 % v/v 
ethanol 
Bath/24 min UV-Vis [167] 






Marine sediments Humic substance 20 mL 0.5 M 
NaOH 
Bath/30 min UV-Vis [176] 
Olive branches Dimethoate and 
a-cypermethrin 
(pesticides) 
35 mL hexane Bath/2 min GC-ECD 
 
[171] 
Red raspberries Anthocyanins 1.5 M HCl-95% 
v/v ethanol 
(15:85) 
Probe/3.3 min HPLC-MS [169] 
Root Anthraquinones 10 mL 
ethanol:wáter 
(50:50) 
Bath/60 min UV-Vis [170] 
Roots of valerian Polysaccharides 60 % v/v ethanol Probe/120 min UV-Vis [175] 
Tea samples Catechins and 
caffeine 
10 mL methanol 
(8/2 v/v) or 
acetonitrile (1/1 
v/v) 
Bath/10 min HPLC-DAD [168] 





5 mL acetone Bath/10 min LC-GC-MS [173] 
DAD, Diode-array detector; ECD, Electron-capture detector; ESI, Electrospray ionization; FD, 
Fluorescence detector; FID, Flame-ionization detector; GC, Gas chromatography; HPLC, High-
performance liquid chromatography; MS, Mass spectrometry. 
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I.3.3.3. Speciation analysis 
Application of soft extractants under mild conditions is generally necessary in 
speciation analysis. The main goal in sample preparation in this field is to preserve 
the species distribution while achieving acceptable recovery. Some selected 
examples are included in Table I.10.  
Ultrasound has been tried for speeding up extraction of metal species from 
solid samples. As chromatography or electrophoresis is typically coupled to specific 
detection (atomic or MS), clean-up of extracts is generally needed, similar to 
applications in organic trace analysis using this methodology. 
Greener extraction methods for speciation analysis have developed in 
parallel with substantial improvement in other features (e. g., shortening and/or 
elimination of some pre-treatment steps, simplification and automation). 
Ultrasonic irradiation can then contribute to achieving the above goals. 
An example of progress toward greener approaches to speciation is the 
extraction of methylmercury using the Westöö method published in 1967 [178]. In 
the original method developed for methylmercury determination in fish by GC-
ECD, the following stages were required: 
(1) MeHg release from proteins where it is bound to mercapto groups 
using 6 mol L-1 HCl; extraction of the MeHgCl into benzene (70 mL); 
(2) clean-up by back extraction with an aqueous solution containing 
cysteine and repetition of the two first steps; drying of the organic phase 
(benzene, 10 mL); and, 
(3) separation by GC. 
First modifications of the original Westöö method included replacement of 
benzene by toluene [179].  
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Table I.10. Selected applications of ultrasound-assisted extraction for speciation analysis 


















1 % TMAH 









Me-Hg, Hg 2 M HCl for Me-Hg and 5 












25 % w/v KOH in MeOH 
or 25 % w/v TMAH in 










Seaweed As (III), As 
total 
HCl concentrated 10 min, 






Sediment As (III), As 
(V), MMA, 
DMA 








Ni, Pb, Zn 
Step 1: 20 mL of 0.11 M 
CH3COOH (pH=7). 
Step 2: 20 mL of 0.5 M 
NH2OH·HCl (pH=1.5). 
Step 3: 5 mL of H2O2 30 % 
w/v (heat to 85⁰C for 1 
h), 25 ml 1M CH3COONH4 
(pH=2) and 8 mL aqua 
regia (HCl:HNO3 3:1) 30 
min. 
Step 1: Bath/30 
min. 
Step 2: Bath/30 
min. 
Step 3: Bath/ 
30 min. 
Total time: 90 
min 
ETAAS [148] 
AFS, Atomic fluorescence spectrometry; ETAAS, Electrothermal-atomic absorption spectrometry; 
FAAS, Flame-atomic absorption spectrometry; HG, Hydride generation; HPLC, High-performance 



















Cd, Cu, Fe, 
Mn, Zn 
Step 1: 1mL 0.11 M acetic 
acid. 
Step 2: 1mL 0.1 M 
NH2OH·HCl adjusted to pH 2 
with nitric acid. 
Step 3: (1) 0.5 mL 8.8 M 
H2O2, evaporation (2 times)  
(2) 1 mL of 1 M NH4Ac 
previously 
adjusted to pH 2 with HNO3 
Step 1: Bath/15 
min  
Step 2: Bath/45 
min  
Step 3: (1) 
Bath/(b) 
2 min (2 times) 
(2) 60 min 








Cd, Cr, Cu, 
Ni, Pb, Zn 
Step 1: 0.11 M CH3COOH. 
Step 2: 0.5 M NH2OH. 
Step 3: H2O2, 1 M 
CH3COONH4. 






Step 3: Probe/6 
min, 50% 
amplitude. 
Total time: 27 
min. 





Ni, Pb, Zn 
Step 1: 20 mL of 0.11 M 
CH3COOH (pH=7). 
Step 2: 20 mL of 0.5 M 
NH2OH·HCl (pH=1.5). 
Step 3: 5 mL of H2O2 30 % 
w/v (heat to 85⁰C for 1 h), 
25 ml 1M CH3COONH4 
(pH=2) and 8 mL aqua regia 
(HCl:HNO3 3:1) 30 min. 
Step 1: Bath/30 
min. 
Step 2: Bath/30 
min. 
Step 3: Bath/ 30 
min. 
Total time: 90 
min 
ETAAS [148] 
CE, Capillary electrophoresis; ETAAS, Electrothermal-atomic absorption spectrometry; FAAS, 
Flame-atomic absorption spectrometry; ICP-OES, Inductively-coupled plasma mass spectrometry. 
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More recent methods have coped by accelerating Mg-Hg extraction by MW 
[186] or ultrasound [187], and complete removal of organic solvents. Direct 
measurement of Me-Hg in the HCl extract can be directly carried out by atomic 
spectrometry without chromatographic separation. Thus, ultrasound has been 
employed for extracting Hg(II) and methyl-mercury [181] from mussels using HCl 
as extractant prior to determination by the cold-vapor technique. Other studies 
include As species from biological samples using methanol/water [183], As species 
from sediments using phosphate buffer [147], Sb species from airborne particulate 
matter using different extractant media (e. g. hydroxylamine hydrochloride, citric 
acid+ascorbic acid, phosphoric acid, citrate) [188]. 
Another example is the speciation of Cr in environmental and hygiene 
samples by using basic extractants {e. g., NH4SO4/NH4OH [189] and 
Na2CO3/NaHCO3 [190] buffers}. Since Cr (VI) is weakly bound to the matrix, bath 
sonication is enough to accomplish the extraction. 
Total Cr can be determined after UE, provided that Cr(III) is converted into 
Cr(VI). This is a good example of application of the GAC premise, since intensive 
sample pretreatment based on strong acid digestion is replaced by a mild 
treatment using a soft extractant. The use of tissue solubilizers, discussed in 
Section I.3.4, and alkaline digestion (KOH/methanol) are also effective treatments 
for speciation analysis, which can be considered within the context of GAC 
principles. 
I.3.3.4. Sequential extraction schemes 
Sequential extraction schemes (SESs) are typically applied to establish the 
metal content associated with relevant geochemical phases in environmental 
samples (e. g., sediments, soil, fly ash, and sewage sludge) [48]. As can be seen in 
Table I.10, metal fractions corresponding to exchangeable, acid-soluble, reducible, 
oxidizable and residual phases are obtained upon treatment of the solid material 
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with chemical reagents of increasing dissolution power in a sequential way. Typical 
extractants involved in SESs are acetic acid, magnesium chloride, 
hydroxylammonium chloride, hydrogen peroxide, sodium acetate, ammonium 
acetate, nitric acid and hydrochloric acid. 
Difficulties inherent with the application of these schemes include the lack of 
selectivity of the extractants towards the specific geochemical phase in the sample 
and the critical influence of the operating conditions over the fractionation results. 
Despite these problems, SESs are recognized as a useful tool to estimate the metal 
distribution, mobility and bioavailability in the environment. 
An important issue limiting the application of SESs is the time required to 
accomplish extraction procedure. SESs {e. g., Tessier [191] and BCR [192] (now 
SM&T scheme), used extensively in many studies} needed overall operation times 
of 18 h and 51 h, respectively. Application of ultrasound by probe reduces the 
times to only 20 - 30 min (Table I.10) 
However, while similar fractionation results are found for some matrices {e. 
g., sewage sludge [148]}, discrepancies are observed in some fractions for other 
samples {e. g., sediment [185]}. In spite of these differences, metal contents 
corresponding to the sum of extractable fractions (i. e. non-residual) are similar, so 
this information could be useful for fast assessment of the most mobilizable metal 
content, leading to significant environmental impact in the short-term. 
Single extractants (e. g., EDTA) have also been employed in conjunction with 
ultrasound in order to get information about the mobilizable metal fraction in soils 
[189] and sediments [163].  
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I.3.4. Ultrasound-assisted solubilization without matrix decomposition 
This approach includes those applications where the matrix is not 
significantly altered during the conversion of the sample from solid to liquid. In 
contrast to extraction processes, the matrix is completely dissolved in these 
methods. Determination of several metals in biological samples has been carried 
out using a sonication bath and tissue solubilizers {e. g., tetramethylammonium 
hydroxide (TMAH) in MeOH [182, 193] or formic acid [194] thus avoiding more 
aggressive treatments (e. g., acid digestion). Moreover, losses by volatilization and 
contamination are reduced. 
TMAH solubilization has been accelerated by probe sonication [180, 195]. 
TMAH is a strong alkaline reagent that causes hydrolytic scission and methylation 
of ester, amide and some ether bonds and breaks sulfide chemical bonds in 
proteins [196], thus helping tissue solubilization. This process can be intensified in 
conjunction with ultrasound energy. 
Another possibility for tissue solubilization is the mixture KOH/MeOH, which 
has been applied for the determination of Hg [197]. EDTA in alkaline medium has 
also been for the determination of several metals [198]. 
In some cases, the tissue solubilizer fulfils two functions: 
(1) sample pretreatment; and,  
(2) a precursor of reducing species in UV-induced vapor generation for Hg 
determination [83], thus yielding a green method. 
These approaches have also been successful for speciation analysis, since 
they involve soft pre-treatments, which facilitate preservation of species. Although 
batch ultrasonic treatments are more common, continuous ultrasound-assisted 
dissolution has also been reported [199]. 
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I.3.5. Ultrasound-assisted slurry sampling 
The slurry technique allows the analysis of finely powdered samples for 
elemental determinations without the need for an intensive decomposition 
method (e. g., acid digestion) [200]. Slurries are prepared by suspending an 
amount of the solid material, which is previously ground and sieved, in an 
appropriate diluent. Although GAC benefits provided by this technique are evident, 
other features of the analytical procedure are enhanced (e. g., decreased risks of 
sample contamination and analyte losses and increased sample throughput). 
Stabilization of slurries prior to detection is an important concern in order to 
achieve accurate and precise results. 
Among the different approaches available for mixing and stabilization of 
slurries, agitation by an ultrasonic probe has proved very efficient [86]. As pointed 
out above, solid-liquid extraction occurs to some extent, even if ultrasound is 
applied for a very short time (i. e. a few seconds). Then, when techniques 
demanding discrete samples are employed for element determination (e. g., 
ETAAS), the representative mass increases by increasing analyte extraction. If total 
extraction is achieved, the representative mass would correspond to the total 
amount of solid material suspended in the liquid diluent, hence diminishing the 
influence of sample inhomogeneity. 
I.3.6. Conclusions 
Ultrasound solid-sample pretreatment for trace analysis has dramatically 
expanded in the past decade, leading to fast, efficient, and clean analytical 
methods. Ultrasoundassisted processes (e. g., extraction, digestion, solubilization 
and slurry formation) have become popular in many areas (e. g., environmental, 
food, clinical, and industrial), yet more effort must be made so that these new 
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approaches to sample pretreatment are implemented on a routine basis in the 
analytical laboratory. A large variety of ultrasonic processors (i. e. bath, probe, and 
cup-horn) are available to meet the requirements of each potential application. 
Ultrasound is called upon to play an important role in new fields (e. g., ionomics, 
metallomics, and proteomics) as a green, efficient energy, thus increasing the 
















I.4. Analytical techniques employed in this work 
In this section, a brief description of the analytical techniques that have been 
employed along the present Thesis is made. Electothermal atomic absorption 
spectrometry (ETAAS) has been used in Chapter II, III, IV and V and total reflection 
X-ray fluorescence spectrometry (TXRF) in Chapter VI and VII. 
A picture of ETAAS and TXRF spectrometers is given in Figure I.10. 
 
Figure I.10. Picture of ETAAS and TXRF spectrometers 
I.4.1. Electrothermal-atomic absorption spectrometry (ETAAS) 
Electothermal atomic absorption spectrometry (ETAAS) or graphite furnace 
atomic absorption spectrometry (GFAAS) is generally accepted as one of the most 
reliable techniques for measuring trace quantities of elements (almost all metals 
and metalloids and some non-metals) in biological, environmental and other 
samples.  
Atomic absorption (AA) involves a measurement of the reduction of intensity 
of optical electromagnetic radiation, from a light source, following its passage 
through a cell containing gaseous atoms (atomizer) and allows the quantitative 
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determination of elements in samples. By means of this interaction, a photon 
transfers its energy to an atom to promote a valence electron from the ground 
state to the excited state (of the atom). The energy of the photon must be equal to 
the difference in energy between the lower and higher energy levels of the atom 
[201]. 
There are different ways of atomization (generation of free atoms in gaseous 
state) in atomic absoption spectrometry (AAS), i. e. the flame, the graphite furnace 
or the quartz tube, and consequently different AAS techniques, flame atomic 
absorption spectrometry (FAAS), ETAAS and cold-vapour atomic absorption 
spectrometry (CVAAS), respectively. 
Liquid samples are dispensed into the graphite tube, solid samples requires 
special atomizers [8]. The graphite furnace converts the analyte in a sample (solid, 
liquid or gas) into gaseous atoms that can be monitored spectroscopically. A 
graphite tube (3 - 6 mm in inner diameter and 20 - 40 mm in length) is heated 
resistively from room temperature to 2700 ⁰C. Two gas streams (generally Ar) exist 
in order to avoid the atmospheric oxidation of the tube (protective gas) and 
remove the concomitants obtained during drying and pyrolysis steps (purge gas). 
However, the purge gas is stopped during the atomization step so as to enhance 
the residence time of the atoms in the atomizer [44]. 
Ideally, a monochromatic light beam from the source of intensity (I0), enters 
the graphite furnace, which may contain gaseous analyte. The transmitted beam 
(I) passes into the detection system that converts the light beam into an electrical 
signal. If analyte is present in the cell, the transmitted beam is less intense than 
the incident beam. If no analyte is present in the cell then the incident and 
transmitted beams are equal in intensity. The ratio of the transmitted beam to the 
incident beam is defined as the transmittance, which is transformed to 
absorbance, described by the Beer-Lambert law [201]. 
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A scheme of a graphite furnace and the main components are shown in 
Figure I.11. The steps and the temperatures typically employed are also shown. 
The optimization of each step of the furnace program is a key process in the 
development of an analytical method. 
 




A background correction system is required to correct the attenuation of the 
source by molecular absorption or scattering. Continuum source background 
correction (deuterium lamp) is the most employed. Zeeman effect and Smith-
Hiefje techniques are also available in different ETAAS instrumentation [201]. 
L’vov in 1959, and then Massman in 1968 introduced the use of ETAAS. 
However, in the late 1970s and 1990s several developments, the so-called 
Stabilized Temperature Platform Furnace (STPF) concept improved its precision, 
accuracy, the ease of use and the analytical performance. The STPF concept 
includes the use of [202]: 
(i) Platform to ensure atomization under isothermal conditions 
(ii) Integrated absorbance 
(iii) Pyrolytically-coated grafphite tubes 
(iv) Autosampler 
(v) Fast heating rates during atomization step 
(vi) Fast electronics 
(vii) Chemical modifiers 
(viii) Modern methods of background correction (Zeeman effect) 
(ix) Transversely heated graphite furnaces (instead of longitudinal tubes, to 
reduce temperature gradients in the tube and reduce interferences) 
(x) Fast furnace programs. 
The main advantages of ETAAS are the good detection limits (ng L-1 or µg L-1) 
achieved. The use of autosamplers facilitates the application of ETAAS in the 
routine labs, due to the automated analyses program of these systems. 
Inexpensive and safe operation along with the wide applicability [202] makes 
ETAAS one of the most employed analytical techniques for trace metal analysis.                                                                                                                                                                            
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I.4.2. Total reflection X-ray fluorescence spectrometry (TXRF) 
The discovery of X-rays in 1895 by Röntgen [203], the establishment of the 
basis of X-ray fluorescence in 1913 by Moseley [204], the first X-ray spectrometer 
in the mid 1940s, and the idea of using total reflection X-ray fluorescence 
spectrometry (TXRF) in 1923 by Compton [205] contributed to perform the first 
application of TXRF in 1971 by Yoneda and Horiuchi [206]. Although the 
development of TXRF was established in the 1980s-1990s, nowdays it shows a 
revival for trace and ultratrace element analysis owing to its benefits. Several 
books [207], reviews [208-211] and articles of applications of TXRF [212-215] have 
been recently published. 
X-ray fluorescence is produced owing to the following processes. Firstly, 
photons of sufficiently high energy are emitted from a X-ray source, they impinge 
on a material and interact with the analyte atoms. High-energy photons induce 
ionization of inner shell electrons by the photoelectric effect and thus electron 
vacancies in inner shells (K, L, M, …) are created. Secondly, the fast transition of 
outer shell electrons into these vacancies can cause the emission of characteristic 
fluorescence radiation, obeying the selection rules. The creation of a vacancy in a 
particular shell results in a cascade of electron transitions. Each transition is 
related with the emission of a photon with a specific energy corresponding to the 
difference in energy between the atomic shells involved, and it is called X-ray 
fluorescence radiation. The family of characteristic X-rays from each element 
including all transitions allows the identification of the element [207](Figure I.12). 
TXRF is a variation of X-ray fluorescence spectrometry (XRF) that emerged 
to solve the lack of sensitivity. XRF and TXRF present a lot of similarities [208, 209]. 
As is illustrated in Figure I.13, some of the differences between TXRF and XRF are 
related to geometry, mass of sample (mg in XRF, µg or ng in TXRF), required 
sample preparation (pelletization in XRF, drop deposited in TXRF), characteristics 
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of the beams (primary beam is cylindrical or conical in XRF, the primary beam is 
shaped like a strip of paper in TXRF), background absorption, intensity and 
sensitivity [208, 209, 211]. 
In TXRF, a small amount of sample (a dried few-µL-drop of liquid, slurry or 
few µg of solid) is applied on a glass support (reflector, sample carrier) and it is 
excited by an X-ray beam at grazing angle incidence (also named glancing angle 
incidence) and the emitted fluorescence is collected by an energy-dispersive 
detector [216].  
 
Figure I.12. Working principle of XRF analysis 
At the critical angle of total reflection (about 0.1 ⁰) or below this angle, the 
spectral background is nearly eliminated, thus increasing the detection power by 
orders of magnitude. The incident beam is totally reflected from the sample carrier 
and the sample is excited by both the incident and the reflected beam, resulting in 
doubled fluorescence intensity [216]. The beam is nearly not absorbed and only 
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penetrates some nm deep into the substrate. This leads to a significative reduction 
spectral background originated from scattering on the substrate [209].  
In general, all elements, except the light ones (Z < 13), can be detected. The 
fluorescence of light elements (low energy fluorescence radiation) decreases due 
to self-absorption of the sample, the absorption of the air in the beam pathway 
[217, 218] and the reduction of the fluorescence yield due to the increase of Auger 
electron yield (Auger process predominates over fluorescence for lighter elements) 
[207]. 
 
Figure I.13. Schematic diagram of the instrumentation of (A) XRF and (B) TXRF [208, 209, 
218, 219] 
Some of the benefits of TXRF over XRF are [208, 210]: 
(i) Drastic reduction of the scattered background in the measured spectra 
(ii) Improved signal/background and detection limits 
(iii) Higher sensitivity than XRF 
(iv) No memory effects are observed 
(v) Matrix effects are minimized in comparison to AA techniques  
(vi) Simultaneous multielemental determination 
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(vii) Low absorption by the air, due to the short distance between the sample 
carrier and the detector 
Some of the drawbacks showed by TXRF are [207, 208, 220]: 
(i) Cleaning of sample carriers (supporters or reflectors). 
(ii) The addition of an internal standard is required. 
(iii) The choice of a proper element as internal standard, because it should 
not overlap with fluorescence lines of elements present in the sample. 
(iv) Not very sensitive for light elements (Z<13, peaks in the low-energy 
region). Intensity is a function of the fluorescence yield which also 
depends on the atomic number (Z-dependent). Several obstacles in the 
detection of light elements are the following: (a) the reduced 
fluorescence intensity (low sensitivity) is due to a reduced fluorescene 
yield and a decreased photoelectric mass-absorption coefficient; (b) the 
spectral background in the low-energy region is high due to the 
scattered radiation of the X-ray tube; (c) the detector efficiency is bad at 
low-energy region; (d) the absorption (of the primary X-rays and the 
fluorescence X-rays) by the ambient air and by the window of the X-ray 
tube an the detector in the low-energy region which leads to a reduced 
intensity and (e) the absorption of the low-energy photons wihin the 
sample matrix can lead to matrix effects difficulting the quantification. 
(v) Long measurement time (around 500 - 1000 s per sample) (the higher 
the time, the more photons arrive to the detector). Precision and 
accuracy are related to the net intensity, and consequently to the 
measurement time. 
In the last years, total reflection X-ray fluorescence spectrometry (TXRF) has 
been increasingly applied for analytical purposes. A simple calibration with an 
internal standard is generally applicable to a large variety of matrices, i. e., liquids, 
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acid extracts, acid digests and solid powders and tissue slices (cut wtih a 
microtome) [221]. Samples are not consumed in the measurement step. There is 
no-consumption of gases or cooling water and a low amount of sample is required 
for carrying out the analysis. 
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II. Analytical evaluation of a cup-horn sonoreactor used for 
ultrasound-assisted extraction of trace metals from troublesome 
matrices 
II.1 Introduction 
uring last years, efficient and fast sample pre-treatment methods, such as 
ultrasound-assisted extraction, have been proposed as an alternative to 
more intensive sample preparation methods typically recommended for atomic 
spectrometry applications [1-4]. Ultrasound promote solid-liquid extraction 
processes as a result of the following conditions [5]: i) high local temperatures 
occurring in the microbubbles upon cavitation in the liquid medium, which 
improve analyte solubility and diffusivity of solvent inside the solid particles; ii) 
high pressure occurring during microbubble implosion, which improves solvent 
penetrability and transport; iii) particle fragmentation, which causes surface 
renewal and consequently more analyte comes in contact with the solvent; iv) 
formation of oxidising radicals (e. g. •OH) and H2O2 with helps organic matrix 
oxidation. Conditions ii) and iii) are mainly effective when cavitation occurs near 
the particle surface or in the surface itself. 
As has been stressed by several workers [2-4], comparison of metal 
extraction results with the different ultrasonic processors is troublesome because 
the variability in sonication conditions (e. g. time, power, frequency, type of acid 
extractant, concentration, etc.) but this difficulty is more apparent when ultrasonic 
baths are employed. Experience with this extraction technique has shown that 
metal extraction can be more easily accomplished from biological tissue of animal 
origin [6-12], but samples containing silicon are more troublesome because 
ultrasound are unable to breakdown the crystal lattice of silicates [6, 8]. For these 
D 
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samples, low recoveries are usually obtained after ultrasound treatment using 
both probe and bath sonicators when total metal contents are sought.  
Likewise, extraction times required increase with increasing ‘inorganic’ 
nature of the matrix [3]. Usually, diluted acids (except HF) and short times (e. g. 3-
5 min) can be employed for metal extraction when a probe system is applied. The 
use of HF in conjunction with probe sonication causes the Ti probe to be quickly 
damaged [13]. High acid concentrations and long treatment times can provoke 
erosion of the probe tip, excessive heating of the solvent, which in turn, can cause 
analyte loses by volatilization and sample contamination due to the eroded 
material. As indirect sonication occurs when ultrasonic baths are used for 
extraction, no limitation in the extractant composition and concentration exists, 
but these ultrasonic processors lack the sufficient intensity to achieve fast and 
quantitative extractions in many cases, and unless a bath with several transducers 
is employed, an inhomogeneous ultrasonic energy distribution occurs. Thus, 
sonication times as long as 180 min have been reported for metal extraction from 
animal tissues [14]. Additionally, mineral acids at their typical concentration 
employed for digestion are needed [1]. However, sample throughput is higher with 
ultrasonic baths as compared to ultrasonic probes, although some improvement 
could be reached with the introduction in the market of multiprobe systems 
Previous studies on metal extraction following ultrasonic treatments have 
been discussed in two review articles [2, 3]. Table II.1 includes the relevant 
applications published from 2006. All these applications involve the use of probe 
or bath sonicators. So far, a cup-horn sonoreactor has not been applied for 
ultrasound-assisted metal extraction. This system should fulfil in a better way the 
ideal conditions required for efficient metal extraction, namely: i) there is not a 
direct contact with the sample and hence, contamination from the horn does not 
occur and it cannot be damaged; ii) there is not any restriction of extractant 
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solvents; concentrated acids including HF can be used, which is advantageous for 
complex matrices containing organic matter and silicates; iii) as the ultrasonic 
power is greater than that of ultrasonic baths, faster extractions can be achieved 
using acids at low concentration; iv) the cup-horn sonoreactor allows 
multitreatments (i. e. up to six samples can be simultaneously extracted), and 
more importantly, all samples are equally sonicated. The main characteristics of 
ultrasonic bath, probe and cup-horn sonoreactor are summarized in Table II.2.  






















0.5 % v/v 
HNO3 





As (89-138 %) 
 









Cd (95-120 %), Pb (100 %) 








Tl, As and Ni (<10 %); Cr and Cu 











Ru (86-99 %), Rh (70-102 %), Pd 
(88-98 %), Os (86-105 %), Ir (95-




2 % v/v HCl 
1 % v/v HNO3 
[22] 
Scalp hair human 
Zn (98 %), Cd (99 %), Pb (96 %), 
As (97 %), Cu (94 %) 
Bath 
35 kHz 
10 - 60 
min,40-80⁰C 
20 % v/v HCl 
20 % v/v 
H2O2 
[23] 
Lubricating oil Cu and Pb (100 %) Bath 30 min [24] 




20 kHz 50 % v/v HCl 
50 % v/v 
H2O2 








Cd (87-153 %), Cu (95-107 %), 
Zn (81-103 %) 
Bath 
- 
30 min. 4 M 











Animal tissue  
and human 
hair 
Cd (98 %), Pb (97 %) 
Cd (98 %), Pb (96 %) 
Probe 
150 W 
3 - 6 min 
2 M HNO3:1 M 
H2O2 
[27] 
Seafood Cr (99 %), Co (98 %) 
Bath 
40 kHz 
2 - 2.5 min 
2 M HNO3 
[28] 
Human hair 
Cu (93-110 %), Fe (89-107 %), 
Mn (78-109 %), Zn (88-105 %) 
Bath 
40kHz 
2 - 3 min 
3 M HNO3 
[29] 
Soils 
Pb (75 %), Cu (40 %), Zn (30 %), 




0.05 M EDTA or 
0.05 M citrate 
[30] 
Coal fly ash 
As (90 %), Ba (81 %), Co (104 
%), Cu (83 %), Ni (85 %), Pb (85 





100-95 % (v/v) 
aqua regia 




As (97-106 %), Se (97-102 %), Ni 





0.5-3 % v/v HNO3 
[12] 




50 % v/v HCl 
50 % v/v H2O2 
[32] 
Sunflower oil 





50 % v/v HNO3 
50 % v/v H2O2 
[33] 
Fish feed 
Ca (100 %), Mg (100 %), Zn (98 



















The aim of this work is to develop a fast and accurate method for ultrasound-
assisted extraction of Cd, Pb, Mn, Ni and Cr from a variety of matrices, i. e. animal 
tissue, plant, algae, lichen, sediment, soil, sewage sludge and coal fly ash prior to 
their determination by electrothermal-atomic absorption spectrometry (ETAAS). 
II.2. Experimental 
II.2.1. Reagents 
All chemicals used were of analytical-reagent grade. Ultrapure water was 
obtained from a Milli-Q water system (18.3 M) (Millipore, Molsheim, France). 65 








Intensity (W/cm2)  1-5  100  50 
Distributed energy  Irregular  Regular  Regular 
Amplitude  Fixed  Adjustable  Adjustable 
Type of sonication  Indirect  Direct  Indirect 
Sample throughput  High  Low  Medium 
Sample volume (ml)  Variable  1-50  1 
Contamination risk  No  Yes  No 
Erosion tip  No  Yes  No 
Cost  Low  High  High 
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40 % mass/mass HF (Merck) and 30 % m/v H2O2 (Merck) were used for extraction 
after suitable dilution.   
A stock standard solution of Cd (1000 mg L-1) was obtained by dissolving the 
appropriate amount of Cd (NO3)2 4H2O (Panreac, Barcelona, Spain). A 1000 mg L
-1 
Mn stock standard solution from Mn (NO3)2 in 1 mol L
-1 HNO3 was provided by 
Panreac (Barcelona). A stock standard solution of Pb (1000 mg L-1) was obtained by 
dissolving the appropriate amount of Pb (NO3)2 (Panreac). A stock standard 
solution of Ni (1000 mg L-1) was obtained by dissolving the appropriate amount of 
the pure metal (Merck). A stock standard solution of Cr (1000 mg L-1) was obtained 
by dissolving the appropriate amount of K2CrO4 (Panreac). A solution of 1300 mgL
-1 
Pd used as matrix modifier was prepared by dissolving the appropriate amount of 
Pd (NO3)2·2H2O (Merck). All glassware and containers were cleaned with 10 % v/v 
HNO3 and rinsed with deionised water before use. 
II.2.2. Certified reference materials 
The following reference certified materials were employed for optimization 
and validation of the extraction method. The CRMs used were: NRCC TORT-2 
(lobster Hepatopancreas), NRCC DOLT-3 (dogfish liver), NRCC DOLT-2 (dogfish liver) 
and NRCC DORM-2 (dogfish muscle) from the National Research Council of Canada 
(Ottawa, Ontario, Canada); BCR CRM 278 (mussel tissue), BCR CRM 185-R (bovine 
liver), BCR CRM 60 (lagarosiphon major, aquatic plant), BCR CRM 61 
(platihypnidium riparoides),  BCR CRM 482 (lichen, pseudavernia furfuracea), BCR 
CRM 279 (sea lettuce, Ulva Lactuca), BCR CRM 320 (river sediment) and BCR CRM 
145R (trace elements in sewage sludge, mixed origin) from the Community bureau 
of reference (Brussels, Belgium); GBW07605 (GSV-4 tea leaves) from the National 
research center for certified reference materials (China); NIST SRM Montana Soil 
2710 (highly elevated trace element concentrations), NIST SRM Montana Soil 2711 
Chapter II 
107 
(moderately elevated trace element concentrations) and NIST SRM 1633b (trace 
elements in Coal Fly Ash) from the National institute of standards and technology 
(USA). CRMs were used as received and no additional grinding was performed. 
Powdered samples were stored at 4 ⁰C.  
Certificates for CRMs ensured a particle size less than 125 m in CRM 60 and 
CRM 278, less than 90 m in CRM 320 and in CRM 145R, and less than 74 m in 
SRM 2711. The silica contents of CRM 60, CRM 61 and CRM 145R are 61, 161 and 
155 mg g-1, respectively. SRM 2711 contains 30.44 % mass/mass of Si.  
II.2.3. Aparatus 
A Thermo Electron Corporation® series M5 atomic absorption spectrometry 
(Cambridge, UK) equipped with deuterium background corrector was employed in 
combination with a Thermo GF95 graphite furnace and a Thermo FS95 furnace 
autosampler for Cd, Pb, Mn, Ni and Cr. Hollow cathode lamps of Cd and Pb, and a 
hollow cathode multielemental lamp of Cr, Cu, Mn and Ni were employed as 
radiation sources (Thermo scientific, Cambridge, UK). The instrumental parameters 
are shown in Table II.3. A 200 W, 24KHz powerful ultrasonic reactor UTR200® (dr. 
Hielscher Company, Germany) (www.hielscher.com/ultrasonics/utr2_p.htm) was 
employed for ultrasound-assisted extraction. The UTR200® sonoreactor is a 
powerful ultrasonic device with a cup-horn shaped sonotrode. It can be used as a 
high-intensity ultrasonic bath that can accommodate up to six Eppendorf vials. 
A microbalance MC5 Sartorius (Germany) with 1 g readability was used for 
weighing samples. A Denver (Norfolk, UK) microcentrifuge was used for rapid 
separation of liquid and solid phases.  
Atomization conditions were established using both sonicated extracts from 
several matrices and aqueous standards prepared in 3 % v/v HNO3 solution. Cd, Pb 
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and Mn required a matrix modifier. 5 L of Palladium nitrate (1300 mg L-1) was 
selected as the appropriate matrix modifier. Optimized thermal programs for Cd, 




Table II.3. Instrumental parameters for determination of Cd, Pb, Mn, Ni and Cr by 
electrothermal-atomic absorption spectrometry 
Parameter  Cd  Pb  Mn  Ni  Cr 
Wavelength (nm)  228.8  217.0  279.5  232.0  357.9 
Spectral bandpass (nm)  0.5  0.5  0.2  0.1  0.5 
Background correction  D2  D2  D2  D2  D2 
Radiation source  aHCL  aHCL  aHCL  aHCL  aHCL 
Lamp current (mA)  8  10  10  10  10 
Current lamp (%)  50  90  80  80  80 
Atomizer type  bLHGT  bLHGT  bLHGT  cPCGT  cPCGT 
Signal measurement  dPA  dPA  dPA  dPA  dPA 
Read time (s)  5  5  6  5  5 
Chemical modifier 






Yes  No 
 
No 
Program time (s)  110.3  112.0  101.3  109.0  97.0 
 
aHCL: hollow cathode lamp. 
bLHGT: longitudinal heated graphite tube with integrated L’vov platform. 
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cPCGT: pyrolytically-coated graphite tube. 





Table II.4. Thermal programs for determination of Cd, Pb, Mn, Ni and Cr by 
electrothermal-atomic absorption spectrometry following ultrasound-assisted extraction 









1 Drying 1  120 20 20 0.2 
2 Drying 2  225 15 15 0.2 
3 Drying 3  300 12 25 0.2 
4 Pyrolisis  800ª 1100b 1400c 1300d 1400e 30 100 0.2 
5 Atomisation  1500ª 1900b 2200c 2400d 2500e 6 0 0f 
6 Cleaning  2800 2 300 0.2 
aCd. bPb. cMn. dNi. eCr.  fRead stage. 
II.2.4. Ultrasound-assisted extraction procedure 
A portion (3 - 25mg) of sample was weighed into an Eppendorf vial (1.5 mL 
capacity) and 1 mL of extractant solution was added. Then, the sample was 
sonicated for a time at 60 % ultrasound amplitude. After sonication, the 
supernatant liquid was separated from the solid phase by centrifugation for 2 min 
at 5000 rpm. Determination of Cd, Pb, Mn, Ni and Cr was carried out in the 
supernatant. Blanks were treated in the same way. 20 L of standard or sample + 5 
L of matrix modifier were injected onto the L’vov platform.  
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II.3. Results and discussion 
II.3.1. Optimization of ultrasound-assisted metal extraction from animal tissues 
Ultrasound-assisted metal extraction from animal tissue has proved generally 
efficient for many metals [2-4]. Acid concentration is perhaps the most critical 
parameter influencing extraction efficiency in this kind of matrix [17]. Among the 
acids employed as extractants, HNO3 shows an enhanced performance due to its 
oxidant properties. Significantly higher acid concentrations are needed if an 
ultrasonic bath is employed for extraction instead of an ultrasonic probe. Thus, an 
acid concentration (HNO3) as low as 3 % v/v is enough for quantitative extraction 
of Pb [8], As [15], Cd, Cu, Pb [16], Cd, Pb [17], Cu [7], Ni, V [10], Se [18]. On the 
contrary, a concentration as high as 50 % v/v has been reported when an 
ultrasonic bath is employed [1]. 
Cd extraction from animal tissues (i. e. an easily extractable metal as 
demonstrated in earlier works [6]) was firstly studied, and then, conditions were 
extended to Mn, Pb and Ni as a very similar influence of the different extraction 
conditions was observed from preliminary experiments. Cr extraction was 
independently studied, since efficient extraction has been unsuccessful [8], at least 
using diluted acids as extractants. For optimization purposes, NRCC TORT-2 was 
employed. Optimization results for Cd extraction from the latter CRM are shown in 
Figure II.1. The HNO3 concentration was varied from 0 to 10 % v/v. Figure II.1A 
shows that an acid concentration of 1% v/v is at least necessary for quantitative 
extraction. This means that the acid concentration required for efficient extraction 
of this metal is similar to that used with ultrasonic probes [6]. Like ultrasonic 
probes, the amplitude control of the ultrasonic processor allows the ultrasonic 
vibrations to be set to any desired level. Intensity of ultrasound transmitted to the 
medium is directly related to the vibration amplitude. The amplitude was varied 
Chapter II 
111 
from 40 to 90 %. From Figure II.1B, it can be concluded that an amplitude in the 
range 40-70 % can be chosen. 
The use of small sample masses could yield poor precision owing to the 
increased influence of inhomogeneity with decreasing mass in suspension. On the 
other hand, too concentrated suspensions could give rise to particle agglomeration 
and decreased ultrasonic action [12]. In the literature, sample amounts largely 
depend on the procedure followed for ultrasonic extraction. The effect of sample 
mass was studied in the 3 - 40 mg range. As can be seen in Figure II.1C, no 
influence of sample mass occurs up to 30 mg, but a significant decrease in metal 
recovery is obtained when the sample mass is larger than 30 mg.  
 
Figure II.1. Optimization of the main parameters influencing ultrasound-assisted 
extraction of Cd from NRCC TORT-2 (Variables between parentheses were fixed in each 
optimization curve). (A) Nitric acid concentration (% v/v) (60 % amplitude, 3 mg of sample 
mass and 3 min of sonication time). (B) Amplitude (%) (1 % v/v of nitric acid, 3 mg of 
sample mass and 3 min of sonication time). (C) Sample mass (mg) (1 % v/v of nitric acid, 
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60 % amplitude and 3 min of sonication time). (D) Sonication time (min) (1 % v/v of nitric 
acid, 60 % amplitude and 3 mg of sample mass). Error bars indicate the standard 
deviation of three independent sample preparations. 
A large variability in sonication times needed for efficient extraction can be 
seen in the literature. Sonication times as long as 180 min using an ultrasonic bath 
and as short as 1 min using an ultrasonic probe have been reported [19]. In this 
work, the sonication time was varied from 0 to 15 min. As can be noted in Figure 
II.1D, a sonication time of 3 min is necessary for quantitative extraction of Cd. It 
can be concluded that extractions conditions for Cd from animal tissue with the 
cup-horn sonoreactor are very close to those found with probe sonication [6]. 
These extractions conditions can be extended to Mn, Pb and Ni. 
Cr extraction is troublesome under the conditions established above for Cd. 
Amoedo et al. [8] reported recoveries for Cr of 33, 3, 42 and 69 %, from DOLT-2, 
DORM-2, BCR 278 and TORT-2, respectively, after application of high-intensity 
probe sonication (100 W power, 20 kHz frequency) and using 5% v/v HNO3 as 
extractant medium. To solve this problem, more stringent extraction conditions 
were tried in this work so that quantitative extractions could be obtained for Cr.  
Firstly, HNO3 concentration was varied from 0 to 10 % v/v (Figure II.2A). An 
increasing but incomplete recovery is observed in the acid concentration range 
studied. A 10 % v/v HNO3 concentration was selected, and an additional acid such 
as HCl was tried. The remaining variables affecting extraction efficiency were fixed 
as follows: a 60 % ultrasound amplitude; a 25 mg sample mass and a sonication 
time of 5 min. The effect of HCl concentration was studied in the 0-20 % v/v 
(Figure II.2B). An increase in extraction efficiency was achieved on increasing HCl 
concentration. With a 20 % v/v HCl concentration, an extraction efficiency of about 
80 % was reached. The sonication time was varied from 0 to 30 min. From Figure 
II.2C, it can be concluded that a sonication time of 15 min is at least necessary for 
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quantitative extraction. Ultrasonic amplitude did not cause any remarkable effect 
in the 40-70 % range. Further experiments showed that a shorter extraction time 
could be applied for complete Cr extraction provided that the HNO3 and HCl 
concentrations were increased. 
Two sets of conditions were selected for efficient extraction of the five 
metals from animal tissues (Figure II.3). Experiments were the following: Exp 1: 3% 
v/v HNO3, 3 min sonication time and 60 % amplitude. Exp 2: 10 % v/v HNO3, 20% 
v/v HCl, 15 min sonication time and 60% amplitude. 
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Figure II.2. Optimization of the main parameters influencing ultrasound-assisted 
extraction of Cr from BCR CRM 278. (Variables between parentheses were fixed in each 
optimization curve). (A) Nitric acid concentration (% v/v) (60 % amplitude, 25 mg of 
sample mass and 5 min of sonication time). (B) Hydrochloric acid concentration (% v/v) (10 
% v/v of nitric acid, 60 % amplitude, 25 mg of sample mass and 5 min of sonication time). 
(C) Sonication time (min) (10 % v/v of nitric acid, 20 % v/v of hydrochloric acid, 60 % 
amplitude and 25 mg of sample mass). Error bars indicate the standard deviation of three 





Figure II.3. Recovery results using experiments 1-2 with different CRMs of animal tissue. 
(A) Cd. (B) Pb. (C) Mn. (D) Ni. (E). Cr. Exp 1: 3 % v/v HNO3, 3 min and 60 % amplitude. Exp 
2: 10 % v/v HNO3+ 20 % v/v HCl, 15 min and 60 % amplitude. Error bars indicate the 
standard deviation of three independent sample preparations. 
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As can be observed in Figure II.3, extraction conditions corresponding to Exp. 
2 are needed for efficient extraction of Cr in all CRMs. With the exception of Cd, 
the remaining metals also required these conditions for some CRMs. 
II.3.2. Optimization of ultrasound-assisted metal extraction from plant tissues 
In order to assess the effect of different factors influencing the ultrasound-
assisted extraction of Cd, Pb, Mn, Ni and Cr from vegetal matter, CRM 60 
(lagarosiphon major) was used as target sample. Dislike animal tissues, preliminary 
experiments showed that the different metals studied displayed different 
extraction behaviour. 
Again, complete Cd extractions can be achieved using a low HNO3 
concentration (e. g. 5 % v/v) within 5 min sonication time. Consequently, Cd 
extractability from this material is similar to that established before for animal 
tissue. However, no complete extractions were observed for all metals from 
vegetal matrices. 
Nitric acid is not sufficient itself to achieve good results for all metals and 
matrices. Apart from HNO3, HF, HCl and H2O2 were attempted for ultrasound-
assisted extraction. Experiments including a variety of extractants were designed 
so that all metals could be efficiently extracted from any vegetal matrix. 
Experiments were the following: Experiment 3: 5% v/v HNO3. Experiment 4: 
5% v/v HNO3 + 5% v/v H2O2. Experiment 5: 5% v/v HNO3 + 5% v/v HF. Experiment 6: 
5% v/v HNO3 + 5% v/v H2O2 + 5% v/v HF. Experiment 7: 5% v/v HNO3 + 5% v/v HF + 
20% v/v HCl. Experiment 8: 5% v/v HNO3 + 5% v/v HF + 40% v/v HCl. Extraction 




Figure II.4. Recovery results using Experiments 3-8 with different CRMs of vegetal tissue. 
(A) Cd. (B) Pb. (C) Mn. (D) Ni. (E) Cr. Exp 3: 5 % v/v HNO3. Exp 4: 5 % v/v HNO3 + 5 % v/v 
H2O2. Exp 5: 5 % v/v HNO3 + 5 % v/v HF. Exp 6: 5 % v/v HNO3 + 5 % v/v H2O2 + 5 % v/v HF. 
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Exp 7: 5 % v/v HNO3 + 5 % v/v HF + 20 % v/v HCl. Exp 8: 5 % v/v HNO3 + 5 % v/v HF + 40 % 
v/v HCl. Error bars indicate the standard deviation of three independent sample 
preparations. 
A 5% v/v concentration of HNO3 is sufficient to reach quantitative recoveries 
for Cd, Pb and Mn in all CRMs corresponding to vegetal matrix (Figure II.4). In the 
case of Cr, the results are completely different, because if only nitric acid is added, 
recovery is less than 50 % in some samples. The addition of hydrofluoric acid 
allows obtaining quantitative recoveries in CRM 60, CRM 279, GBW 07605 and 
CRM 482. It can be concluded that Cr is possibly bounded to silica, which is only 
destroyed upon addition of HF. For Ni, in the case of CRM 60, extraction can be 
improved from 87 % to 107 % by adding HF. Extraction of Ni from GBW 07605 is 
not affected by the extractant. Results for CRM 482 are particularly relevant, since 
quantitative extraction of Ni can only be achieved following the addition of 20 % 
v/v HCl. As can be observed in Figure II.4, the addition of hydrogen peroxide to the 
extractant solution did not influence recovery.  
II.3.3. Optimization of ultrasound-assisted metal extraction from inorganic 
matrices (soil, sediment, fly ash, sewage sludge) 
HF is necessary to perform extraction of trace metals from soil, sediments 
and other environmental samples containing Si. The HF concentration was varied 
between 0 to 40 % v/v (Figure II.5A). The remaining variables affecting extraction 
efficiency were fixed as follows: 60 % ultrasound amplitude; 3 mg sample mass, 5 






Figure II.5. Optimization of the main parameters influencing ultrasound-assisted 
extraction from CRM 320. (, Cd; ■, Pb; ▲, Mn; ∆, Ni; □, Cr) (Variables between 
parentheses were fixed in each optimization curve). (A) HF concentration (% v/v) (60 % 
amplitude, 5 min of sonication time, 10 mg of sample mass for Cd and 3 mg for Pb, Mn, Ni 
and Cr). (B) HNO3 concentration (% v/v) (60 % amplitude, 5 min of sonication time, 20 
%v/v of hydrofluoric acid, 10 mg of sample mass for Cd and 3 mg for Pb, Mn, Ni and Cr). 
(C) Sonication time (minutes) (60 % amplitude, 5 min of sonication time, 20 %v/v of 
hydrofluoric acid, 5 % v/v nitric acid 10 mg of sample mass for Cd and 3 mg for Pb, Mn, Ni 
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and Cr). Error bars indicate the standard deviation of three independent samples 
preparations. 
Cd extraction did not improve with increasing hydrofluoric acid 
concentration. With a 20 % v/v concentration of HF, a 78 % recovery is achieved 
for Cd. Addition of 20 % v/v HF allowed improving the extraction of Pb up to 68 %. 
In the case of Mn, a remarkable increase in recovery occurs when a 20 % v/v 
concentration of HF is used. Mn recovery is improved from 20 % to 68 % when the 
HF concentration is increased from 0 to 20 % v/v. A 5 % v/v concentration of HF is 
enough to improve the Ni recovery from 23 % to 85 %, Quantitative recoveries are 
observed for Ni using a 20 % v/v concentration of HF. With the latter HF 
concentration, only 60 % of Cr can be extracted, and moreover, no improvement in 
Cr extraction is observed using higher HF concentrations. 
The HNO3 concentration was varied from 0 to 50 % v/v. The remaining 
variables affecting extraction efficiency were fixed as follows: 60 % ultrasound 
amplitude; 3 mg sample mass; 20 % v/v HF; 5 min sonication time.  
As can be observed in Figure II.5B, addition of nitric acid at low concentration 
(i. e. 5 % v/v) allows improving metal recoveries in all cases, but no further 
improvements are observed at higher HNO3 concentrations. 5 % v/v of HNO3 was 
selected for the remaining experiments. 
The sonication time was varied from 0 to 60 min (Figure II.5C). The remaining 
variables affecting extraction efficiency were fixed as follows: 60 % ultrasound 
amplitude; a 3 mg sample mass, a 20 % v/v HF, a 5 % v/v HNO3 and a sonication 
time of 5 min.  
Cd and Pb extraction was not significantly influenced when sonication time is 
changed. A 75 % and 80 % recovery is obtained for Cd and Pb, respectively. On the 
contrary, Mn, Ni and Cr recovery increased with increasing sonication time. 
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Recoveries obtained using sonication times of 10, 15 and 40 min were 91, 96 and 
94 % for Ni, Cr and Mn, respectively. Other variables influencing extraction were 
fixed as above. Based on this optimization, a set of experiments was designed so 
that efficient extraction could be achieved for all metals. These experiments were 
extended to other CRMs containing variable amounts of silica such as soil, sewage 
sludge and coal fly ash. The experiments were the following:  
Experiment 9: 60 % amplitude; 5 min sonication time; 5 % v/v HNO3 
concentration; 20 % v/v HF. Experiment 10: 60% amplitude; 15 min sonication 
time; 5 % v/v HNO3 concentration; 20 % v/v HF. Experiment 11: 60% sonication 
amplitude; 40 min sonication time; 5 % v/v HNO3 concentration; 20 % v/v HF. 
Extraction results are shown in Figure II.6. CRM 320 sediment turned out the most 
difficult matrix. For efficient extraction from this CRM, conditions of experiments 
10 and 11 are needed. Even so, extractions of Pb and Cd are incomplete, around 
80 %. With the exception of CRM 320 sediment, conditions of experiment 9 are 
sufficient for efficient extraction of Cd, Pb, Mn and Ni. Nevertheless, Cr extraction 
required conditions of experiment 10 (i. e., longer sonication time) in all CRMs 
except CRM 145 R. 
II.3.4. Analytical results 
Analytical characteristics were obtained for the five elements studied under 
optimized conditions. Calibration curves were linear at least up to 6 (R2=0.9991), 
36 (R2=0.9999), 20 (R2=0.9998), 50 (R2=0.9997) and 50 (R2=0.9984) ng/ml for Cd, 
Pb, Mn, Ni and Cr, respectively. Limits of detection calculated according to the 3s 
criterion were 0.0045, 0.032, 0.016, 0.034 and 0.012 g g-1 for Cd, Pb, Mn, Ni and 
Cr, respectively. Repeatability ranged from 0.5 to 7%. 
Extractions (N=3) were performed under suitable conditions found after 
optimization. 
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Figure II.6. Recovery results using Experiments 9-11 with different CRMs of inorganic 
matrices. (A) Cd. (B) Pb. (C) Mn. (D) Ni. (E). Cr. Exp 9: 5 % v/v HNO3+ 20 % v/v HF, 5 min, 60 
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% amplitude. Exp 10: 5 % v/v HNO3+ 20 % v/v HF, 15 min, 60 % amplitude. Exp 11: 5 % v/v 
HNO3+ 20 % v/v HF, 40 min, 60% amplitude. Error bars indicate the standard deviation of 
three independent sample preparations. 
Table II.5 shows the Cd, Pb, Mn, Ni and Cr concentrations found in animal 
tissue CRMs. CRMs were used as provided without further grinding. When 
extraction conditions established for Cd in the optimization study (Section II.3.1.) 
were employed for Pb, Mn and Ni, no quantitative recoveries were observed for all 
CRMs. It was observed that the high fat contents in CRMs such as DOLT-2 (24 % 
mass/mass fat content) and DORM-2 (5 % mass/mass fat content) prevents 
extraction from being quantitative. Extraction conditions corresponding to Exp. 1 
can be successfully applied to CRMs with low fat contents. Thus, Cd recoveries 
from TORT-2, DOLT-3, DOLT-2, DORM-2, CRM 278 and CRM 185-R were between 
87 and 111 %. Pb recoveries in TORT-2 and CRM 278, Mn in TORT-2, DOLT-2 and Ni 
in TORT-2 were around 100 %. For CRMs with high fat contents, more stringent 
extraction conditions such as those used for Cr need to be applied (Exp. 2). The 
latter conditions were applied to Pb (DOLT-2, DOLT-3), Mn (CRM 185R, DORM-2), 
Ni (DOLT-2, DOLT-3) and Cr (all CRMs).  
Table II.6 shows the Cd, Pb, Mn, Ni and Cr concentration found in vegetal 
tissue CRMs. Extraction conditions used in vegetable tissues in order to extract Cd 
and Mn (all CRMs), Pb (CRM 60, CRM 61 and CRM 482) and Ni (GBW 07605) 
corresponded to those of Exp. 3. Recoveries of Cd, Mn, Pb and Ni were in the 
ranges 94-104, 95-105, 85-103 and 92-98 %, respectively. As can seen in Table II.6, 
efficient extraction of Pb from CRM 279 and GBW 07605 needs the addition of 5 % 
v/v H2O2 (Exp. 4). A 5 % v/v HF concentration is necessary to carry out the efficient 
extraction of Cr from all plant samples; recovery being from 99 to 105 % (Exp. 5). 
To carry out the extraction of Ni from CRM 60, optimal conditions involved the use 
of 5 % v/v HNO3 and 5 % v/v HF (Exp. 5).  Finally, the more stringent extraction 
conditions corresponding to Exp. 7 are required for extraction of Ni from CRM 482. 





Table II.5. Analytical results for Cd, Pb, Mn, Ni and Cr as determined in acid extracts of 
animal tissue after solid-liquid extraction using a cup-horn sonoreactor. 
Element 
 Certified value  (g g-1) 
           
 Found value (g g-1) 





Cd         
aTORT-2  26.7 ± 0.6  26.72 ± 0.18  100.1  0.48 
aDOLT-3  19.4 ± 0.6  19.24 ± 0.71  99.2  0.98 
aDOLT-2  20.8 ± 0.5  20.10 ± 1,60  96.6  1.91 
aCRM 278  0.348 ± 0.007  0.39 ± 0.05  111.4  3.55 
aCRM185R  0.544 ± 0.017  0.47 ± 0.087  86.6  3.60 
aDORM-2  0.043 ± 0.008  0.039 ± 0.0051  91.0  3.29 
Pb         
aTORT-2  0.35 ± 0.13  0.3458 ± 0..0092  98.8  1.95 
bDOLT-3  0.32 ± 0.05  0.31 ± 0.11  95.8  0.51 
bDOLT-2  0.22 ± 0.02  0.23 ± 0.021  104.8  2.13 
aCRM 278  2.0 ± 0.04  1.86 ± 0.31  92.8  1.96 
Mn         
aTORT-2  13.6 ± 1.2  12.73 ± 1.10  93.6  3.41 
aDOLT-2  6.88 ± 0.6  6.22 ± 0.75  90.5  3.77 
aCRM 278  7.69 ± 0.23  7.22 ± 1.14  93.9  1.75 
bCRM185R  11.07 ± 0.29  10.53 ± 0.81  95.1  2.85 
bDORM-2  3.66 ± 0.34  3.58 ± 0.20  97.9  1.60 
Ni         
aTORT-2  2.5 ± 0.13  2.37 ± 0.28  94.9  1.94 
bDOLT-2  0.2 ± 0.02  0.19 ± 0.045  93.6  1.21 
bDOLT-3  2.72 ± 0.19  2.54 ± 0.37  93.3  2.09 
aDORM-2  19.4 ± 3.1  19.93 ± 3.27  102.7  0.70 
Cr         
bTORT-2  0.77 ± 0.15  0.74 ± 0.22  95.8  0.65 
bDOLT-3  3,5*  3.45 ± 0.44  98.5  0.50 
bDOLT-2  0.37 ± 0.08  0.38 ± 0.16  102.5  0.25 
bCRM 278  0.78 ± 0.06  0.85 ± 0.21  108.5  1.40 
bDORM-2  34.7 ± 5.5  36.65 ± 3.55  105.6  2.40 
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* Indicative value.  aExp. 1: 60 % amplitude, a 3 min sonication time, a 3 % v/v HNO3 
concentration.  bExp. 2: 60 % amplitude, a 15 min sonication time, a 10 % v/v HNO3 
concentration, a 20 % v/v HCl. 
 
Table II.6. Analytical results for Cd, Pb, Mn, Ni and Cr as determined in acid extracts of 
vegetal matter after solid-liquid extraction using a cup-horn sonoreactor. 
Element  
           
Certified value  (g g-1) 
 
           





Cd         
aCRM 61  1.07 ± 0.08  1.02 ± 0.09  95.4  2.20 
aCRM 60  2.2 ± 0.1  2.20 ± 0.05  100.3  0.46 
aCRM 279  0.274 ± 0.022  0.26 ± 0.02  93.8  3.94 
aGBW07605  0.057 ± 0.01  0.060 ± 0.009  102.1  0.58 
aCRM482  0.56 ± 0.02  0.60 ± 0.07  104.2  1.42 
Pb         
aCRM 61  64.4 ± 13  60.6 ± 13.6  94.0  1.21 
aCRM 60  63.8 ± 3.2  59.9 ± 11.3  93.9  1.46 
bCRM 279  13.48 ± 0.36  12.1 ± 1.4  90.1  4.01 
bGBW07605  4.4 ± 0.2  4.5 ± 0.3  102.9  2.00 
aCRM482  40.9 ±1.4  35.0 ±6.0  85.4  4.18 
Mn         
aCRM 61  3771 ± 78  3670.6 ± 1443.46  97.3  0.30 
aCRM 60  1759 ± 51  1671.7 ± 88.7  95.0  4.23 
aCRM 279  2090*  2098.3 ±175.1  100.4  0.20 
aGBW07605  1240 ±40  1296.9 ±233.9  104.6  1.04 
CRM 482  **       
Ni         
CRM 61  **       
dCRM 60  40*  39.20 ± 6.10  98.0  0.55 
CRM 279  **       
aGBW07605  4.6*  4.24 ± 0.60  92.2  2.47 
eCRM482  2.47 ± 0.07  2.35 ± 0.19  95.3  2.63 
Cr         
cCRM 61  **       
cCRM 60  23.9*   24.50 ± 6.14  102.55  0.42 
cCRM 279  10.7*  10.76 ± 1.0016  100.6  0.26 




cative value. **Not certified. 
aExp. 3: 60% amplitude, a 5 min sonication time. a 5 % v/v HNO3.  
bExp. 4: 60% amplitude, a 5 min sonication time. a 5 % v/v HNO3, a 5 % v/v H2O2. 
cExp. 5: 60% amplitude, a 5 min sonication time. a 5 % v/v HNO3, a 5 % v/v HF. 
dExp. 6: 60% amplitude, a 5 min sonication time. a 5 % v/v HNO3, a 5 % v/v H2O2. 5 % v/v 
HF. 
eExp. 7: 60% amplitude, a 5 min sonication time. a 5 % v/v HNO3, a 5 % v/v H2O2, a 20 % 
v/v HCl. 
Table II.7 shows the Cd, Pb, Mn, Ni and Cr concentrations found in CRMs 
containing a typical inorganic matrix. Conditions corresponding to Exp. 9 are 
enough to efficiently extract Cd, Pb and Ni from CRM 145R, SRM 2710, SRM 2711 
and SRM 1633. Recoveries ranged from 92 to 111 %. To be able to extract Ni from 
CRM 320 (river sediment) and Cr from CRM 320, SRM 2710, SRM 2711 and SRM 
1633b, conditions of Exp. 10 are needed. Recovery ranged from 96 to 109 %. 
Finally, to obtain quantitative extractions of Cd, Pb and Mn from CRM 320, 
conditions corresponding to Exp. 11 that includes a 40 min of sonication time were 
required. Recoveries obtained ranged from 80 to 98 %. 
A t-test was applied for testing the accuracy of the results. The condition t 
exp<t crit (tcrit= 4.303 for N-1=2 freedom degrees) was fulfilled in all cases, and 
consequently, non-significant differences (p=0.05) were observed between the 




cGBW07605  0.8*  0.8 ± 0.09  98.6  0.55 






Table II.7. Analytical results for Cd, Pb, Mn, Ni and Cr as determined in acid extracts of 




           
Certified value  (g g-1)  
           




Cd         
cCRM 320  0.533 ± 0.026  0.43 ± 0.14  80.0  3.29 
aCRM 145R  3.5 ± 0.15  3.53 ± 0.16  100.8  0.71 
aSRM 2710  21.8 ± 0.2  22.05 ± 1.23  101.1  0.86 
aSRM 2711  41.7 ± 0.25  43.50 ± 5.86  104.3  1.32 
aSRM 1633b  0.784 ± 0.006  0.82 ± 0.14  104.8  1.17 
Pb         
cCRM 320  42.1 ± 0.5  34.00 ± 10.00  80.8  3.48 
aCRM 145R  286 ± 12  296.24 ± 51.78  103.6  0.85 
aSRM 2710  5532 ± 80  5688.06 ± 407.85  102.8  1.65 
aSRM 2711  1162 ± 31  1203.98 ± 136.72  103.6  1.32 
aSRM 1633b  68.2 ± 1.1  65.90 ± 7.95  96.6  1.24 
Mn         
cCRM 320  800*  785.63 ± 113.10  98. 2  0.55 
aCRM 145R  156 ± 4.68  149.16 ± 18.70  95.6  1.57 
aSRM 2710  10100 ± 400  11218.90 ± 1144.34  111.1  4.20 
aSRM 2711  638 ± 28  653.92 ± 69.20  102.5  0.99 
aSRM 1633b  131.8 ± 1.7  134.57 ± 8.75  102.1  1.36 
Ni         
bCRM 320  82.7 ± 2.7  83.96 ± 10.56  101.5  0.51 
aCRM 145R  247 ± 7.41  237.73 ± 27.62  96.3  1.44 
aSRM 2710  14.3 ± 1  13.10 ± 1.40  91.6  3.72 
aSRM 2711  20.6 ± 1.03  19.95 ± 4.32  96.8  0.65 
aSRM 1633b  120.6 ± 1.8  116.17 ± 15.11  96.3  1.26 
Cr         
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*Indicative value.  
a Exp. 9: 60 % amplitude, a 5 min sonication time, a 5 % v/v HNO3, 20 % v/v HF.  
bExp. 10: 60 % amplitude, a 15 min sonication time, a 5 % v/v HNO3, a 20 % v/v HF. 
cExp. 11: 60 % amplitude, a 40 min sonication time, a 5 % v/v HNO3,  a 20 % v/v HF. 
II.4.Conclusions 
The method described offers a rapid and efficient sample preparation for 
direct determination of Cd, Pb, Mn, Ni and Cr in a wide variety of biological and 
environmental samples by ETAAS.  
The cup-horn sonoreactor has proved efficient for metal extraction in 
conjunction with several extractant media. The versatility in the use of any acid 
and oxidant along with short sonication times and the ability to carry out 
simultaneous extractions from several samples makes this ultrasonic system 
advantageous as compared to probe and bath sonication systems. Thus, it should 
be ideal for treatment of microsamples (3-25 mg of sample suspended in 1 mL 
extractant volume) when electrothermal-atomic absorption spectrometry or 
electrothermal vaporization-inductively coupled plasma mass spectrometry are to 
be employed for trace metal determination. 
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III. Ultrasound-assisted extraction of antimony and cobalt from 
inorganic environmental samples using a cup-horn sonoreactor 
prior to their determination by electrothermal-atomic absorption 
spectrometry 
III.1. Introduction 
ltrasound-assisted extraction (UAE) of trace elements from finely powdered 
solid samples dispersed in diluted acid solutions was developed at the end 
of the 1990s as anextension of the slurry sampling technique in electrothermal-
atomic absorption spectrometry (ETAAS) [1,2]. Advantages of the novel approach 
were soon identified. Ultrasonic devices used for slurry mixing and 
homogenisation can also achieve an efficient analyte separation from the matrix, 
and consequently, interference effects caused by the latter can be overcome. 
Thus, lower background and decreased build-up of carbonaceous residues into 
graphite tubes have been reported [2]. In addition, sedimentation and volumetric 
errors inherent in the slurry technique are removed, since analytes are present in 
the liquid supernatant obtained after centrifugation. Advantages of UAE include 
the use of room temperature and atmospheric pressure as compared to more 
intensive sample pre-treatments for inorganic trace analysis such as microwave-
assisted acid digestion. More importantly, diluted acids can be sufficient for 
quantitative extractions provided that efficient ultrasonic processors are employed 
[3]. Several studies have shown that UAE of trace metals from inorganic matrices 
entails many difficulties. 
For environmental matrices containing a significant fraction of the metals 
occluded in the aluminosilicate matrix, metal release is troublesome unless HF is 
added to the extractant so as to destroy the silicate lattice [4]. Several elements 
have been extracted from environmental matrices by using ultrasound such as Cd 
U 
Sb, Co| UAE-ETAAS|Environmental samples 
136 
[2,5–13], Pb [5–9,11–15], Cu [5,6,8,9,11–14], Cr [7–9,11–13,16], Ni [7–9,11–14,16], 
Zn [8,9,11–14], As [11,14,17] and V [9,14,16] among the most studied elements. 
Nevertheless, others such as Co [8,14], Mn [7,8], Ag [5], Ba [14], Sr [14], Fe [9] and 
Tl [11] have been less commonly extracted from solid samples. 
When ultrasonic baths are used for UAE, high acid concentration and long 
extraction times are often needed in order to obtain complete extractions [4,18]. 
The use of probe sonication allows shortening the extraction time, but this system 
is unsuitable when HF is needed for efficient extraction [19]. 
Although bath and probe ultrasonic processors are of widespread use for UAE 
applications, a recent study in our lab has shown that the cup-horn sonoreactor 
could meet in a better way the requirements for efficient metal extraction from 
inorganic samples such as sediment, soil, fly ash, etc. [7]. The latter system allows 
multitreatments to be performed at much higher ultrasonic power than that of 
ultrasonic baths and, in contrast to probe systems, addition of HF to break down 
the silicate matrix is feasible. Apart from the most studied metals mentioned 
above, little attention has been paid to other essential elements such as Co or 
toxic elements such as Sb. 
UAE of Co from inorganic samples has been addressed in a few studies. 
Ashley et al. [4] used an ultrasonic bath of 1W·cm2 and 60 min sonication time. 
Recoveries obtainedwere dependent on the type of acids and their concentrations, 
namely, 52 – 58 % using 25 % v/v HNO3, 48 - 58 % using 25 % v/v HNO3 : HCl (1 : 1), 
and 68 – 100 % using HNO3 : HCl (1 : 1) v/v. Hristozov et al. [8] obtained a 72 % 
recovery of Co from sewage sludge using an ultrasonic probe of 20 kHz and 400 W 
power. The sonication time was 20 min, and the extractant was HNO3 : HCl (1 : 1). 
Canepari et al. [20] obtained a 55 % recovery of Co from sediments using and 
ultrasonic bath of 28 - 35 kHz and 80 - 180 W power for 20 - 30 min with 0.1 M 
acetic acid as extractant. Ilander et al. [14] obtained a 104 % recovery of Co from 
coal fly ash using an ultrasonic bath at 35 kHz and 650 W power for 18 min with 
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aqua regia and 5 % v/v HF as extractant. As we can note, incomplete extractions 
are typically reported even using concentrated acids. No studies have been 
published on the UAE of Sb from inorganic matrices, and only one paper by 
Balarama and Arunchalam [21] tackles the extraction of Sb, among other metals, 
from lichen and mussel samples by applying probe sonication. 
The main goal of this work is to assess a cup-horn sonoreactor as a novel 
ultrasonic processor for the extraction of Co and Sb from typical inorganic matrices 
(i. e. sludge, soil, sediment, fly ash). The work is aimed at achieving a simple, 
expeditious and efficient sample pre-treatment prior to ETAAS determination. 
Sonochemical parameters influencing the ultrasound-assisted extraction are 
optimised using a two-level full factorial design. 
The method was evaluated using several certified reference materials. 
III.2. Experimental 
III. 2.1. Reagents 
All chemicals were of analytical-reagent grade. High-purity deionised water 
was obtained from a PETLAB ultrapure water purification system (Peter Taboada, 
Vigo, Spain). 65 % m/v HNO3 (Merck, Darmstadt, Germany), 37 % m/v HCl 
(Darmstadt, Merck), 40 % m/v HF (Merck) and 30 % m/v H2O2 (Merck) were used 
for extraction after suitable dilution. An antimony standard solution of 1000 mg L-1 
prepared from SbCl3 in 5 mol L
-1 HCl was provided by Panreac (Barcelona, Spain). 
A cobalt standard solution of 1000 mg L-1 was prepared from CoSO4 · 7H2O 
(Fluka, Steinheim, Germany) in diluted H2SO4. A solution of 1300 mg L
-1 Pd used as 
matrix modifier was prepared by dissolving the appropriate amount of 
Pd(NO3)2·2H2O (Merck). 
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All glassware, plastic ware, pipette tips and storage bottles were soaked in 10 
% (v/v) HNO3 for 24 h and rinsed with high-purity water at least three times prior 
to use. 
III.2.2. Certified reference materials 
The following certified reference materials (CRMs) were employed for 
optimization and validation of the extraction method. The CRMs used were: NIST 
SRM 2710 Montana Soil, NIST SRM 2711 Montana Soil, NIST SRM 2702 Marine 
Sediment, NIST SRM 2782 Industrial Sludge, NIST SRM 1633b Coal Fly Ash are all 
from National Institute of Standards and Technology (USA), and BCR CRM 176R Fly 
Ash from the Community Bureau of Reference (Belgium). CRMs were used as 
received and no additional grinding was performed. Powdered samples were 
stored at 4°C. 
Certificates for CRMs ensured a particle size less than 70 µm for SRM 2702, 
less than 74 µm for SRM 2710 and SRM 2711, less than 75 µm for 2782, less than 
90 µm for SRM1633b and less than 105 µm for BCR 176R. The certified silicon 
contents of SRM 2710, SRM 2711, SRM 2782 and SRM 1633b were 28.97 % 
mass/mass, 30.44 % mass/mass, 20.3 % mass/mass and 23.02 % mass/mass, 
respectively. 
III. 2. 3. Apparatus 
A Thermo Electron Corporation® series M5 Atomic Absorption Spectrometer 
(Cambridge, UK), equipped with deuterium background corrector, was employed 
in combination with a Thermo GF95 graphite furnace and a Thermo FS95 
autosampler for Sb and Co. A monoelemental hollow cathode lamp of Sb and a 
multielemental hollow cathode lamp of Co/Mo were employed as radiation 
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sources (Thermo scientific, Cambridge, UK) operating at the current intensity 
recommended by the manufacturer. 
Measurements based on integrated absorbance (peak area) were made at 
the analytical wavelengths of 217.6 nm for Sb and 240.7 nm for Co, and the 
spectral bandpass was 0.2nm for both elements. Longitudinally-heated graphite 
tubes with integrated L’vov platform were used thoughout the work. A 200 W, 
24KHz ultrasonic reactor UTR 200® (Dr. Hielscher Company, Germany) was 
employed for ultrasound-assisted extraction. 
With this system ultrasound are not transmitted into the liquid via the tip of a 
sonotrode but via the oscillating bottom of a compact chamber. The oscillating 
bottom of the sonoreactor, screwed to the transducer, is made of extremely 
durable titanium alloy. An MC5 Sartorius microbalance (Goettingen, Germany) 
with 1 mg of sensitivity was used to weigh the sample. A Denver instrument Force 
7 microcentrifuge (Norfolk, UK) was used for rapid separation of liquid and solid 
phases. 
Atomisation conditions were established using both sonicated extracts from 
several matrices and calibration solutions prepared in 3 % v/v HNO3 solution. Sb 
required a matrix or chemical modifier to reduce its volatility. The matrix modifier 
allows the use of a higher pyrolysis temperature (from 900 °C to 1200 °C) to 
vaporise more matrix components and minimise molecule formation during the 
atomisation step. Palladium nitrate (5 mL, 1300 mg L-1) was chosen as the 
appropriate modifier. The determination of Co does not require a chemical 
modifier; however, nitric acid at low concentration can act as a modifier [22,23]. 
Optimised temperature programmes for Sb and Co are shown in Table III.1. 
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Table III.1. Temperature programs for determination of Sb and Co by electrothermal-













Drying 1  120  20  20  0.2 
Drying 2  225  15  15  0.2 
Drying 3  300  12  25  0.2 
Pyrolysis  1200a 1400b  30  100  0.2 
Atomisation  2200a 2400b  6  0  0c 
Cleaning  2800  2  300  0.2 
aSb. bCo. cRead stage. 
Pd (5 µL, 1300 mg L-1) as modifier, added at the same time as the sample solution. 
III.2.4. UAE procedure 
A portion (3 - 25 mg) of sample was weighed into an Eppendorf vial (1.5mL 
capacity) and 1mL of extractant solution (20 % v/v HF + 20 % v/v HNO3) was added. 
Then, the sample was sonicated for 20 min at fixed ultrasound amplitude. After 
sonication, the supernatant liquid was separated from the solid phase by 
centrifugation for 2 min at 5000 rpm. 
Determination of Sb and Co was carried out in the supernatant. Blanks were 
treated in the same way. A quantity of 15 mL of standard or sample + 5 mL of 
matrix modifier (only for Sb) was deposited onto the L’vov platform. When the 
concentration of the element of interest was found to be too high, a suitable 




III.3. Results and discussion 
III.3.1. Optimization of UAE of Sb and Co from Marine Sediment (SRM 2702) 
Inorganic matrices are troublesome in UAE applications because the crystal 
lattice of silicates cannot be normally destroyed unless HF is added to the 
extractant medium. Therefore, incomplete metal extractions are usually expected 
without this acid. HF destroys the silicate matrix, through the formation of the 
volatile silicon fluoride (SiF4, b.p. -86° C), and hence, the metals trapped in the 
silicate matrix are released into the extractant solution. Consequently, the 
presence of HF could reduce the deterioration of the graphite surface, since it 
reduces the formation of silicon carbide that is formed at atemperature higher 
than 1650 °C. The removal of the silica matrix using HF has previously been 
demonstrated by scanning electron microscopy images of the L’vov platforms [24]. 
In addition, HF could act as a chemical modifier when applying slurry sample 
introduction [25]. 
Preliminary experiments were aimed at establishing suitable intervals for the 
different variables influencing the extraction of Co and Sb by using the cup-horn 
sonoreactor. A full factorial design at two levels was carried out for screening 
optimization of the extraction process. 
SRM 2702 (Marine Sediment) was used as the target matrix for multivariate 
optimization purposes. Extractions were performed with 5 mg amounts of this 
material following the experimental conditions of the factorial design. 
The variables studied as well as their values for each (+ representing the 
maximum and - the minimum levels) are shown in Table III.2. Maximum and 
minimum levels were chosen according to a previous experience with the 
application of ultrasound for Sb and Co extraction. Sixteen experiments were 
carried out in duplicate in order to accomplish the factorial design (24) for each 
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metal [24]. As can be observed in Table III.3, each experiment was randomly made 
order and at the appropriate levels of the variables. 
The following variables were considered for optimization of ultrasound-
assisted extraction method: nitric acid concentration (variable A), hydrofluoric acid 
concentration (variable B), sonication time (variable C) and sonication amplitude 
(variable D). Main effects for each variable and the interactions between two, 
three and four variables were calculated from the recovery results (%) obtained in 
each experiment. 
Table III.2. Operating conditions for Sb and Co 
Variables 
 Level (-) of 
variables 
 Level (+) of 
variables 
 Optimal conditions 
   Sb  Co 
A (nitric acid, % v/v)  0.1  20  20  20 
B (hydrofluoric acid, % v/v)  0.1  20  20  20 
C (sonication time, min)  1  20  20  20 
D (sonication amplitude, %)  20  60  20  20 
 
Particle size could be an interesting variable to optimise; however, grinding 
certified samples to a small size is a tedious strategy. Moreover, the contamination 
is very likely because of the low concentration of the analytes in the sample. In 
previous works, quantitative extraction was obtained with a particle size less than 
150 µm. Small particle sizes also facilitate metal extraction because the total area 
of the solid in contact with the liquid medium is higher [26,27]. In this case, all of 






Table III.3. Signs used to calculate the main effects and the interactions between the 





A B C D AB AC AD BC BD CD ABC ABD ACD BCD ABCD 
1 - - - - + + + + + + - - - - + 8 y1, s1 
2 + - - - - - - + + + + + + - - 2 y2, s2 
3 - + - - - + + - - + + + - + - 10 y3, s3 
4 + + - - + - - - - + - - + + + 4 y4, s4 
5 - - + - + - + - + - + - + + - 15 y5, s5 
6 + - + - - + - - + - - + - + + 9 y6, s6 
7 - + + - - - + + - - - + + - + 1 y7, s7 
8 + + + - + + - + - - + - - - - 13 y8, s8 
9 - - - + + + - + - - - + + + - 16 y9, s9 
10 + - - + - - + + - - + - - + + 5 y10, s10 
11 - + - + - + - - + - + - + - + 11 y11, s11 
12 + + - + + - + -- + - - + - - - 14 y12, s12 
13 - - + + + - - - - + + + - - + 3 y13, s13 
14 + - + + - + + - - + - - + - - 12 y14, s14 
15 - + + + - - - + + + - - - + - 6 y15, s15 
16 + + + + + + + + + + + + + + + 7 y16, s16 
 
III.3.2. Main effects and interactions between variables 
Recoveries obtained for Sb and Co in each experiment are shown in Tables 
III.4 and III.5, respectively. Results for each replicate, average values and estimated 
variance are also included in Tables III.4 and III.5. As can be seen, recoveries close 
to 100 % were obtained, i. e. 98.6 % in experiment 7 and 97.1 % in experiments 8 
and 16 for Sb; 93.0 % in experiment 4, 92.7 % in experiment 8 and 92.4 % in 
experiment 16 for Co. Seemingly, extraction conditions corresponding to those of 
experiments 8 and 16 are appropriate to obtain total extraction of both elements. 
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Table III.4. Extraccion efficiency for Sb (%) 
 




1 33.8 30.7 32.2 4.76 
2 39.9 38.9 39.5 0.45 
3 84.0 84.3 84.2 0.04 
4 85.3 82.8 84.0 3.09 
5 51.7 50.5 51.1 0.79 
6 84.8 74.5 79.6 53.4 
7 92.2 105.0 98.6 80.9 
8 98.9 95.3 97.1 6.56 
9 34.1 27.2 30.6 23.6 
10 68.2 66.8 67.5 0.89 
11 94.1 86.1 90.1 31.7 
12 87.7 86.4 87.1 0.79 
13 40.7 48.9 44.8 33.7 
14 94.2 82.0 88.1 74.5 
15 91.0 91.3 91.2 0.05 

















1 37.6 41.0 39.3 5.82 
2 41.3 43.5 42.4 2.57 
3 83.2 83.7 83.5 0.12 
4 95.1 90.9 93.0 8.96 
5 64.1 58.3 61.2 16.4 
6 72.8 69.1 71.0 6.80 
7 88.2 87.3 87.7 0.43 
8 90.1 95.2 92.7 13.2 
9 38.9 37.3 38.1 1.40 
10 54.7 56.9 55.8 2.43 
11 81.0 79.4 80.2 1.21 
12 83.2 88.6 85.9 14.2 
13 54.0 58.4 56.2 9.32 
14 76.9 73.1 75.0 7.05 
15 86.8 88.9 87.8 2.28 
16 92.3 92.4 92.4 0.00 
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Then, the effects and interactions were calculated. The experimental error 
(2  ),   being the average standard deviation, was 6.7 and 4.2 for Sb and Co, 
respectively. When the effects and interactions were lower than - 2  or higher 
than + 2  , it meant that the extraction of the metals was significantly affected in a 
negative or positive way, respectively. However, when the effects or interactions 
were within the interval ± 2  , it meant that extraction was not affected, so in 
principle, any level of the variable could be chosen in the studied interval. 
As can see in Figure III.1A and III.1B, HNO3 concentration (variable A), HF 
concentration (variable B) and sonication time (variable C) have a significant 
positive effect over the extraction of Sb and Co. A change in the HNO3 
concentration from the (-) to the (+) level led to an increase in the recovery of 15 
and 9 % for Sb and Co, respectively. When the HF concentration was changed from 
the (-) to the (+) level, an increase in the recovery of 37 and 33 % for Sb and Co 
occurred, respectively. Likewise increases in the recovery of 16 and 13 % for Sb 
and Co occurred when the sonication time was varied from the (-) to the (+) level, 
respectively. The sonication amplitude did not cause any significant effect over the 
Sb and Co extraction. 
A relevant interaction between two variables was observed for Sb, i. e. 
variables A and B (Figure III.1A). On the contrary, there is an interaction between 
the variables B and C for Co (Figure III.1B). However, interactions are smaller than 
the main effects of variables A, B and C for both elements. 
Schematic diagrams were prepared in order to explain the interactions 
between variables (Figure III.2). The first interaction arises from the dependence of 
the HNO3 concentration on the HF concentration (Figure III.2A). When the HF 
concentration is at the low level, there is a positive effect of the HNO3, although 
poor recovery is observed; but when the HF concentration is at the high level, 
there is no effect of the HNO3 concentration, and the extraction recovery is around 




Figure III.1. Estimated effects obtained in the application of the two full factorial design 
for Sb (A) and Co (B) ultrasound–assisted extraction. Variable (A) nitric acid concentration 
(% v/v); variable B hydrofluoric acid concentration (% v/v); variable (C) sonication time 
(min); variable (D) sonication amplitude (% of 200 W). The dashed lines represent the 
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Figure III.2. Schematic diagrams showing the significant interactions between two factors. 
The extraction recovery was included inside each square. (A) Nitric acid concentration and 
hydrofluoric acid concentration for Sb extraction. (B) Hydrofluoric acid concentration and 
sonication time for Co extraction. 
A second interaction occurred as a consequence of the different influence of 
the sonication time on Co extraction depending on the HF concentration (Figure 
III.2B). If the HF concentration is at the low level, there is an increase in extraction 
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efficiency, but recovery reaches only c. 66 %. On the contrary, if the HF 
concentration is fixed at the high level, the increase in sonication time only 
provokes a smaller increase in recovery (i. e. from 86 to 96 %). Therefore, the 
higher level of HF concentration and sonication time should be used for Sb and Co 
extraction. Moreover, experiments with a 10 % v/v HF + 10 % v/v HNO3 mixture 
along with 20 min of sonication showed no complete recoveries in all cases. 
Optimal conditions for UAE of Sb and Co are shown in Table III.2. Variables A, 
B and C were fixed at the high levels whereas variable D was fixed at the low level. 
III.3.3 Analytical characteristics 
The equations for the linear range of the Sb and Co calibration curves were 
respectively, Y = 4.65·10-3 [Sb] + 7.23· 10-4 (R2 = 0.9976) and Y = 1.15·10-22 [Co] + 
1.59·10-2 (R2 = 0.9998), where Y is the integrated absorbance and the element 
concentration is expressed as mg L-1. They were linear up to 50 and 60 mg L-1 for 
Sb and Co, respectively. 
Characteristic masses were 14.2 and 5.7 pg for Sb and Co, respectively. The 
method detection limit (MDL) was defined as 3σm-1, where σ is the standard 
deviation corresponding to 10 blank injections and m is the slope of the calibration 
graph. The MDLs in the original samples were calculated as if 10 mg of the solid 
material were extracted in 1.5 mL volume and 5 mL were injected into the furnace, 
and they were 0.20 and 0.06 µg g-1 for Sb and Co, respectively. Between-batch 
precision was expressed as relative standard deviation (RSD) for n = 3 independent 
extractions. In general, RSDs were less than 5.5 and 9.6 % for Sb and Co, 
respectively. 
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III.3.4 Analysis of environmental CRMs 
The proposed methodology was evaluated using five CRMs. The results are 
shown in Table III.6. A t-test was applied for testing the accuracy of the results. The 
condition texp<tcrit (tcrit = 4.303 for n -1 = 2 df) was fulfilled in most cases, and 
consequently, non significant differences were observed (p = 0.05) between the 
certified (or indicative) and found metal contents. 





           
Found value  
(g g-1)** 






Sb SRM 2710 38.4 ± 3.0 38.4 ± 2.0 100.0 a  0.03 2.1 
 SRM 2711 19.4 ± 1.8 19.6 ± 2.7 101.0 a  0.38 5.5 
 SRM 2702 5.60 ± 0.24 5.1 ± 3.3 91.1 a  3.82 4.3 
 SRM 2782 2* 1.5 ± 0.8 75.0 a  2.97 21.1 
 BCR 176R 850 ± 50 856 ± 30 100.7 a  0.88 1.4 
 SRM 1633b 6* 3.98 ± 1.14 66.5 
a  7.58 11.5 
Co SRM 2710 10* 9.23 ± 1.30 92.3 a  2.49 5.7 
 SRM 2711 10* 9.6 ± 0.5 96.0 a  3.77 2.0 
 SRM 2702 27.76 ± 0.58 26.4 ± 1.9 95.1 a  3.16 2.9 
 SRM 2782 66.3 ± 4.8 67.2 ± 15.9 101.4 a  0.23 9.6 






36.1 ± 5.5 







* Indicative value. 
** The uncertainty was taken as the 95 % confidence interval of the mean. 
a: 20 % v/v HNO3, 20 % v/v HF, 20 min sonication time, 20 % sonication amplitude. 




With a few exceptions, acceptable recoveries were observed. The Sb and Co 
recoveries from NIST SRM 1633b were 66.5 and 72.2 %, respectively. Spiking 
experiments were performed in order to assess the possibility of matrix effects in 
the determination of Sb and Co in extracts obtained from this material. Recoveries 
of spikes were 111 ± 4 and 109 ± 3 for Sb and Co, respectively. Therefore, low 
recovery occurs as a result of incomplete extraction. On the other hand, no 
certified values were provided for this CRM, but only indicative, and uncertainty 
was not reported. Addition of H2O2 and HCl was attempted to improve the Sb and 
Co extraction from SRM 1633b. Whilst the Sb recovery was not influenced even 
using a concentration as high as 20 % v/v of those reagents, the Co recovery was 
improved to reach 92.3 % when 5 % v/v H2O2 was added to the extractant. The 
addition of hydrogen peroxide, along with nitric acid could facilitate the partial 
oxidation of organic matter present in the coal fly ash, hence improving the 
extraction of Co from it. 
According to the certificate of the SRM 1633b, it is a bituminous coal fly ash, 
meaning that it belongs to the class F. In that case, the sum of silica (SiO2), iron 
oxide (Fe2O3) and alumina (Al2O3) is higher than 70 %, CaO represents less than 5 
%, and it also contains a high amount of unburnt carbon [28]. As a consequence of 
the combustion process, metals are more strongly bound in comparison with other 
samples, and they have less-reactive properties [29]. The structure is formed by 
small sphere particles with size around 10 µm, and some large particles between 
10 and 100 µm, the structure being sphere-within-sphere (pleospheres) [30]. 
III.4. Conclusions 
The proposed methodology describes a simple and efficient sample 
treatment based on ultrasound-assisted extraction from solid materials containing 
silicates. In most cases, quantitative recoveries are reached for Sb and Co from a 
variety of environmental CRMs using a cup-horn ultrasonic processor along with a 
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mixture of diluted acids (HF and HNO3) as extractant medium. This ultrasonic 
equipment allows high intensity sonication in closed vials, hence combining the 
advantages of bath and probe ultrasonic processors. 
The fact that the vials are closed reduces the possibilities of the sample 
contamination and analyte losses as a consequence of the cavitation phenomenon. 
Moreover, it allows the use of HF for extraction with no damage of the sonication 
device. A two-level full factorial design (24) is suitable for the optimization of the 
most important variables involving relatively few experiments. 
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IV. Ultrasound-assisted extraction of gold and silver form 
environmental samples using different extractants followed by 
electrothermal-atomic absorption spectrometry 
IV.1. Introduction 
oble metals such as Ag and Au have many applications in industry, jewellery 
and medicine [1–3]. Some Au compounds are used as anti-inflammatory 
drugs in the treatment of rheumatoid arthritis, whereas silver compounds are 
involved in the treatment of infections. 
Au is also found in electronic apparatus. Moreover, Ag has applications in 
photography, industry and hard solder. Both noble metals are typically found at 
trace level in the environment, and as a consequence, sensitive techniques are 
required for their determination [4]. 
Different analytical techniques are available for determination of trace 
amounts of Ag and Au in geological and environmental samples suchas 
electrothermal-atomic absorption spectrometry (ETAAS) [5], inductively-coupled 
plasma mass spectrometry (ICP-MS) [6,7], inductively-coupled plasma optical 
emission spectrometry (ICPOES) [8,9]. Other less common techniques include 
instrumental neutron activation analysis (INAA) [10] and total reflection X-ray 
fluorescence spectrometry (TXRF) [11]. 
The most spread sample treatment prior to analysis of Au and Ag is 
microwave-assisted digestion (MAD) [12,13]. Thus, MAD is employed in the EPA 
method 3051A [14]. Several acid mixtures such as HNO3+HCl+H2O2 [15], HNO3+HCl 
[13,14], HNO3+HCl+HF and even HNO3+HClO4+HF [16] have been employed. In 
order to avoid sample treatments with acids at high temperature and pressure, 
several workers have proposed less harsh conditions. Thus, Lopez-Garcia et al. [17] 
N 
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developed a slurry sampling method for determination of Ag and Au in soils and 
sediments by ETAAS. Firstly, slurries were subjected to mild heating in a domestic 
microwave oven (30 s) or alternatively in a heating steam bath (10 min) with a 
mixture of 3 % v/v HNO3, 25 % v/v HF and 50 % v/v H2O2 for silver, and 
concentrated HF for gold. 
On the other hand, it is well known that precious metals have a high affinity 
toward complexing agents such as sulphur or cyanide. Cyanidation (CN−) has been 
traditionally used for the recovery of Ag and Au from ores [18], but in the last 
years, alternative leaching procedures have been developed in order to avoid the 
high toxicity of cyanide [19]. As an example, thiosulfate (S2O3
−2) in ammonia 
medium and in the presence of Cu (II) [20], thiocyanate (SCN−) [21] and thiourea 
(H2NCSNH2) in different oxidizing media [22] have been employed for this purpose. 
Since the late 90s, ultrasound have been widely applied to assist metal 
extraction from a large variety of solid materials [23]. Ultrasound-assisted 
extraction (UAE) allows the release of metals in a short time using acids at low 
concentration. In addition, operation conditions involve atmospheric pressure and 
room temperature. Most studies on UAE have been performed using probe [24,25] 
or bath [26,27] ultrasonic processors. Whereas probe sonication has been proved 
efficient for UAE of a variety of elements, bath sonication usually needs longer 
times and concentrated acids for metal extraction [23,28,29]. However, probe 
sonicators are non-compatible with hydrofluoric acid, which is mandatory for 
achieving efficient extractions from samples containing silicates [30]. A novel 
ultrasonic processor, called cup-horn sonoreactor, has been recently applied to 
metal extraction from environmental and biological samples [31], showing 
interesting advantages such as sonication power approaching that of probes and 
capability of multitreatments using virtually any extractant composition. 
Whereas a considerable amount of work has dealt with UAE of heavy metals 
and metalloids, UAE of noble metals has been scarcely addressed. So far, only two 
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papers have been published on UAE of Ag from soil [28,32], yet in the latter high-
ppm concentration levels were present. No work has been reported on the use of 
ultrasound for the extraction of Au from environmental samples. 
The aim of this work is to develop a simple methodology for ultrasound-
assisted extraction of Ag and Au at trace level from environmental samples using a 
cup-horn sonoreactor. Two procedures were developed and compared, i. e., 
ultrasound-assisted acid extraction and ultrasound-assisted thiourea extraction. 
The quantification of both noble metals was carried out by electrothermal-atomic 
absorption spectrometry (ETAAS). Moreover, eleven real samples (river sediments 
and soils) were collected at different sampling points from Galicia, near the Miño 
River, and they were used as target samples for Ag and Au determination 
according to information from ancient history about the possible occurrence of Au 
traces in these locations. 
IV.2. Experimental 
IV.2.1. Reagents and standards 
Ultrapure water was obtained from a PETLAB ultrapure water production 
system (Peter Taboada, Vigo, Spain). All chemicals used were of analytical-reagent 
grade. A silver standard solution (1000 mg L-1) was obtained by dissolving the 
appropriate amount of AgNO3 (Riedel-de Haën, Seelze, Denmark). A gold standard 
solution (1000 mg L-1) in 10 % v/v HCl was obtained from Prolabo (Leicestershire, 
England). 
69 % m/v nitric acid (Prolabo, Leicestershire, England), 37 % m/v hydrochloric 
acid (Prolabo), 95 % m/v sulphuric acid (Prolabo), 30 % m/v hydrogen peroxide 
(Merck, Darmstadt, Germany) and 40 % m/v hydrofluoric acid (Merck) were used 
for extraction after dilution with ultrapure water. Thiourea (H2NCSNH2, Merck) and 
L-cysteine (HOCH(NH2)CH2SH, Merck) were diluted in ultrapure water. 
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All glass and plastic containers and materials were soaked in a 10 % v/v HNO3 
solution for 24 h and rinsed with ultrapure water three times before use. 
IV.2.2. Certified reference materials 
Five environmentally certified reference materials (CRMs) were used for both 
optimization and evaluation of the proposed methodology. NIST SRM Montana 
Soil 2710, NIST SRM Montana Soil 2711, NIST SRM 2702 Marine Sediment, NIST 
SRM 2782 Industrial Sludge from the National Institute of Standards and 
Technology (United States) and BCR CRM 176R Fly Ash from the Community 
Bureau of Reference (Belgium) were analyzed. CRMs were used as received and no 
additional grinding was performed. Powdered samples were stored at 4 °C. 
Certificates for CRMs ensured a particle size less than 70 μm SRM 2702, less 
than 74 μm in SRM 2710 and SRM 2711, less than 75 μm in 2782 and less than 105 
μm in BCR 176R. The certified silicon contents of SRM 2710, SRM 2711 and SRM 
2782 are 28.9 % mass/mass, 30.4 % mass/mass and 20.3 % mass/mass, 
respectively. Concentration ranges for the major components for SRM 2710, SRM 
2711, SRM 2702 and SRM 2782 are as follows: C (2.1 - 3.4 %), Al (1.4 - 8.4 %), Fe 
(1.31 - 7.91 %, except for SRM 2782 where the concentration is 26.9 %), Na, K or 
Ca (0.32 - 2.88 %), Mg (0.26 - 1.1 %), Mn (0.03 - 1.0 %), Ti (0.09 - 0.9 %), P (0.08 - 
0.5 %) and S (0.04 - 1.5 %). No data were found for BCR 176R. 
IV.2.3. Sampling points and sample pre-treatment 
Eleven sampling points along 88 km were selected according to previous 
information [33,34]. The sampling points are shown in Figure IV.1. Six river 
sediment sampleswere collected at the Miño River (Ourense), Arenteiro River (O 
Carballiño), Arnoia River (Arnoia), Miño River (Salvaterra de Miño), Louro River 
(Tui) and Lagares River (Vigo). Miño River is the longest river of Galicia and Arnoia 
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River and Louro River are some of their tributaries. Another type of target samples 
are soils,which in somecases belong to ancient gold ores. Soil sampleswere 
collected at Rivas (O Irixo), Brués (Boborás), O Lago (Maside), Sampaio (Ribadavia) 
and Oleiros (Salvaterra de Miño). 
Samples were selected according to information from the literature, trying to 
cover two kinds of Au ores in Galicia, primary and secondary deposits. Primary 
deposits refer to the Au found in rocks or hydrothermal veins due to chemical 
processes at high temperature in shear zones of the Earth crust. Secondary 
deposits are river deposits. In the case of Ag, this noble metal usually appears in 
gold ores. In addition, Ag appears linked to sulphur in hydrothermal veins [33,34]. 
2 kg of sample (sediment or soil) were collected at each sampling point using 
a plastic scoop and kept in polyethylene containers. Once in the laboratory, 
samples were dried at 60 °C in a heater until a constant weight for ca. 24 h for soil 
samples and 48 h for river sediments. After that, they were sieved using nylon 
sieves to collect the fraction with a particle diameter less than 50 μm, and then 
stored in polyethylene bottles at room temperature in a desiccator. 
IV.2.4. Instrumentation 
All measurements were carried out with a Thermo Electron Corporation® 
series M5 atomic absorption spectrometer (Cambridge, UK) equipped with a 
deuterium background corrector. A Thermo GF95 graphite furnace and a Thermo 
FS95 furnace autosampler for silver and gold were used. In addition, a hollow 
cathode multielemental lamp of Ag/Au was employed as radiation source (Thermo 
Scientific, Cambridge, UK). The instrumental parameters are given in Table IV.1. 
Longitudinal-heated graphite tubes with integrated L'vov platform were provided 
by the same manufacturer. 
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A cup-horn sonoreactor UTR 200® (dr. Hielscher Company, Teltow, Germany) 
with 200W of maximum output power and 24 ± 1 kHz of operating frequency was 
employed for ultrasound-assisted extraction of Ag and Au from the different 
samples. 
A microbalance MC5 Sartorius (Goettingen, Germany) with 1 μg readability 
was used for weighing the samples. A Denver (Norfolk, United Kingdom) 
microcentrifuge was used for a rapid separation of liquid and solid phases. 
IV.2.5. Ultrasound-assisted extraction procedure and thermal programs 
A portion of solid material (3 - 30 mg) was weighed into an Eppendorf vial 
depending on the analyte concentration and 1 mL of the suitable extractant 
(mixture of diluted HNO3, HCl, HF or thiourea solution) was added to the vial. 
Ultrasound energy was applied for the required time at a sonication amplitude of 
60 % by means of the cup-horn sonoreactor. This system was previously filled with 
ultrapure water so that ultrasound waves could be efficiently transmitted [35]. 
After sonication, centrifugation was carried out for 2 min at 5000 rpm according to 
previous experiments. Determination of silver and gold was performed in the 
supernatant. Blanks were treated in the same way. 15 μL of standard or sample 
was injected onto the L'vov platform of the graphite tube. 
Atomization conditions were established using both sonicated extracts from 
several matrices and aqueous standards prepared in 3 % v/v HNO3 solution. No 
chemical modifier was added to the samples since no matrix effect was observed. 
Peak area was used for signal quantification. The thermal programs for Ag and Au 






Table IV.1 Instrumental parameters and thermal program 
a) Instrumental parameters 
Parameter Ag  Au  
Wavelength (nm) 328.1  242.8  
Spectral band pass (nm) 0.5  0.5  
Lamp current (mA) 7.5  7.5  
Signal measurement Peak Area  Peak Area  
Read time (s) 6  6  
Program time (s) 112.3  111.0  








Gas flow-rate  
Ar (L/min) 
Drying 1 120 20 20 0.2 
Drying 2 225 15 15 0.2 
Drying 3 300 12 25 0.2 
Pyrolisis 900a 1000b 30 100 0.2 
Atomization 1500a 2200b 6 0 0c 
Cleaning 2800 3 300 0.2 
a Ag. b Au. c Read stage. 
 
IV.3. Results and discussion 
IV.3.1. Optimization of the ultrasound-assisted acid extraction of silver 
Ultrasound-assisted extraction with acidic extractants has been mostly 
applied for metal extraction [23]. In a previous work with the cup-horn 
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sonoreactor used for UAE [31], different HNO3+HF mixtures were seen to be 
required for efficient extraction of Cd, Cr, Mn, Ni and Pb. For inorganic matrices 
such as soil, sediment, fly ash and sewage sludge, the presence of variable 
concentrations of HF in the mixture was mandatory so as to destroy the silicate 
matrix. 
In this work, HNO3, HNO3 + HF, and HNO3 + HF + HCl were evaluated for 
extraction of Ag and Au. Optimization curves for Ag extraction are shown in Figure 
IV.1. 
 
Figure IV.1. Map of the study area showing the sampling points (unfilled triangle) 
As can be observed (Figure IV.2A), HNO3 at 20 % v/v concentration is only 
able to provoke a total release of Ag from SRM 2782 (industrial sludge). 
Incomplete extractions are observed for the remaining CRMs even using the 
highest HNO3 concentration was tried. 
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The effect of HF was studied (Figure IV.2B). The HNO3 concentration was 
fixed at 25 % v/v HNO3 and variable concentrations of HF were tried. For 20 % v/v 
HF concentration and 10 min sonication time, Ag recoveries ranging from 86 to 
100 % were obtained for SRM 2710 (Montana Soil), SRM 2702 (River Sediment) 
and SRM 2782 (industrial sludge). 
Figure IV.2C indicates that complete Ag extractions are achieved for the latter 
materials after 20 min of sonication time. Optimal conditions chosen for efficient 
extraction of Ag from those materials are: 20 min of sonication time, 60 % of 
sonication amplitude, and the mixture of 25 % v/v HNO3 + 25 % v/v HF. 
As can be noted, Ag extraction from samples SRM 2711 and BCR 176R is 
troublesome under the conditions established above. Only a 68 % recovery was 
obtained for both materials at best. Alternative acid mixtures were also tried so as 
to improve the Ag extraction. The use of aqua regia (HNO3:HCl 1:3) allows 
obtaining recoveries of 40 and 66 % for SRM 2711 and BCR 176R, and a mixture of 
25 % v/v HNO3 + 25 % v/v HF + 25 % v/v H2O2 along with 20 min of sonication time 
allows achieving Ag recoveries of 65 and 70 % for SRM 2711 and BCR 176R, 
respectively. The addition of HCl at a concentration of 5 % v/v apart from 25 % v/v 
HNO3 and 25 % v/v HF, allows improving the Ag recovery up to 85 and 100 % for 
SRM 2711 and BCR 176R, respectively. This behaviour could be attributed to the 
Ag stabilization through the formation of the AgCl2
− complex when a high 
concentration of chlorides is present [14]. 
As can be observed, optimal extraction conditions for silver depend on the 
sample. Silver could be found in native form and in minerals associated with 
sulphur, arsenic, antimony or chlorine, and it also occurs as inclusions in base-
metal sulphide and silicate minerals [36]. 
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Figure IV.2. Optimization curves of the main parameters influencing the ultrasound-
assisted extraction of Ag from different CRMs. (□ SRM 2710, ■ SRM 2711, ▲ SRM 2702, ○ 
SRM 2782 and ● BCR 176R). (Variables in parenthesis were fixed in each optimization 
curve). (A) Nitric acid concentration (% v/v) (60 % amplitude, 10 min of sonication time). 
(B) Hydrofluoric acid concentration (% v/v) (60 % amplitude, 10 min of sonication time, 25 
% v/v of nitric acid). (C) Sonication time (min) (60 % amplitude, 25 % v/v of nitric acid, 25 






IV.3.2. Optimization of ultrasound-assisted acid extraction of gold  
Au extraction from SRM 2710 (Montana soil) and SRM 2782 (industrial 
sludge) was studied. The addition of only HNO3 does not allow extracting Au from 
those CRMs. Since the traditional medium for dissolving gold implies the use of 
aqua regia, HNO3 acting as oxidant and HCl as complexing agent, optimization of 
the HCl concentration was performed. HNO3 concentration was fixed at 25 % v/v 
and the effect of increasing HCl concentration was studied. In this case, the 
complex AuCl4
− could probably form at a high HCl concentration. As can be 
observed in Figure IV.3A, 20 % v/v HCl along with 10 min sonication time allows 
obtaining recoveries near 85 % in both cases. When HF was added to the 
extractant no additional improvements in extraction efficiency are observed for 
those materials, so it was considered unnecessary (Figure IV.3B). 
Au may be encapsulated in minerals, such as, silicates, sulphides, Fe oxides 
and carbonates in the reduced state [37] or combined with sulphides of Fe, Cu and 
Ni [38]. Therefore, addition of HNO3 and HCl acids and application of ultrasound, 
would cause the flocculation of the major components, and in turn, the release of 
Au to the solution. 
Optimization of sonication time (Figure IV.3C) shows that at least 10min is 
needed to assure the complete extraction of Au from SRM2710 and SRM 2782. 
Efficient extractions were achieved with the mixture of 25 % v/v HNO3 + 25 % v/v 
HCl, recoveries achieved being 96 % from SRM 2782 and 91 % from SRM 2710 
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Figure IV.3. Optimization curves of the main parameters influencing the ultrasound-
assisted extraction of Au from different CRMs. (□ SRM 2710 and  ○ SRM 2782). (Variables 
in parenthesis were fixed in each optimization curve). (A) Hydrochloric acid concentration 
(% v/v) (60 % amplitude, 10 min of sonication time, 25 % v/v of nitric acid). (B) 
Hydrofluoric acid concentration (% v/v) (60 % amplitude, 10 min of sonication time, 25 % 
v/v of nitric acid and 25 % v/v of hydrochloric acid). (C) Sonication time (min) (60 % 
amplitude, 25% v/v of nitric acid and 25% v/v of hydrochloric acid). Error bars indicate the 





IV.3.3. Ultrasound-assisted thiourea extraction of Ag and Au 
Solubilization of noble metals such as Ag and Au from ores needs the 
presence of an oxidant and complexing agents. Thiourea has been used as an 
alternative leaching agent to the traditional cyanidation process and the 
application of ultrasound energy could accelerate or facilitate the extraction. 
Thiourea displays low environmental impact apart from a great selectivity towards 
Ag and Au [22,39]. The reaction between Au0 and thiourea gives rise to the 
complex Au[(SC(NH2)2]2
+ [39,40] among other products. In the case of Ag, the 
complex formed could be [Ag(SC(NH2)2]3
+ [40,41]. An oxidizing agent such as 
H2SO4, H2O2 or Na2O is required [42]. Furthermore, the addition of H2SO4 at a low 
concentration contributes to the oxidation of the organic matter present in the 
sample. Even under moderate oxidizing conditions, thiourea itself is unstable 
yielding formamidine disulfide, and finally, elemental sulphur and urea [22]. 
Öncel et al. studied the effect of ultrasound energy by using an ultrasonic 
probe to extract Ag from mining waste, although extraction is carried out at a 
relatively high Ag concentration (i. e. >100 ppm) [32]. 
In this work, the effect of extractant volume, sample mass, concentration of 
thiourea and sonication time was investigated for several CRMs with different 
matrix composition (i. e. soil, sediment, industrial sludge and fly ash). 
Three experiments were designed to study the Ag and Au extraction with 
thiourea in sulphuric medium. Experiment 1: 0.3 % m/v thiourea and 10 min of 
sonication time; experiment 2: 0.6 % m/v thiourea and 10 min sonication time; 
experiment 3: 0.6 % m/v thiourea, and 20 min of sonication time. 2 % v/v H2SO4 
was also added to the extractant solution in all experiments. As can be observed in 
Figure IV.4A, the best extraction conditions corresponded to experiment 3. 
Recoveries of silver from SRM 2710, SRM 2711 and SRM 2702 were 97 %, 105 % 
and 105 %, respectively. In the case of SRM 2782 and BCR 176R the least stringent 
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conditions corresponding to experiment 1 are suitable for the extraction of Ag 
(Figure IV.4B). 
Likewise, the best extraction conditions for Au using thiourea as extractant 
correspond to those of experiment 3 (Figure IV.4C). Au recoveries of 94 % and 105 
% are reached for SRM 2710 and SRM 2782, respectively. 
Ultrasound-assisted thiourea extraction is clearly advantageous over the acid 
extraction approach since thiourea can be easily biodegraded (half life of about 
one hundred hours) yielding CO2, NH4
− and SO4
−2 as final products [22]. 
Other complexing agents such as L-cysteine were also tried for extraction. 
With this reagent, low blank values were also obtained as in the case of thiourea. 
However, the use of 2.4 % m/v L-cysteine and 2 % v/v H2SO4, yielded only a 20 % 
recovery for Au from SRM 2782, whereas for Ag, recoveries of 63 % and 81 % were 
obtained from BCR 176R and SRM 2782, respectively. 
IV.3.4. Validation 
Calibration functions were linear at least up to 20 μg L−1 and 100 μg L−1, for Ag 
and Au, respectively. The equations of the calibration curves were the following y = 
(1.83·10−2 ± 3.5·10−4) [Ag] + (5.02·10−2 ± 4.6·10−3), R2 = 0.998 and y = (7.25·10−3 ± 
1.63·10−4) [Au] + (2.67·10−2 ± 5.08·10−3), R2=0.998, where y is the integrated 
absorbance and the concentration is expressed in μg L−1. 
Instrumental limits of detection (LOD) and quantification (LOQ) for each 
element were determined according to the expressions at 3 s/m and 10 s/m, 
respectively (s being, the standard deviation of 10 consecutive blanks and m the 
slope of the calibration curve). LODs were 0.08 μg L−1 for Ag and 0.30 μg L−1 for Au 
and LOQs were 0.30 μg L−1 for Ag and 1.10 μg L−1 for Au. On the other hand, 
methodological limits of detection were 0.012 and 0.050 μg g−1 for Ag and Au, 
respectively. For calculation, 10 mg of sample was extracted in 1.5 mL volume. 
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Precision was tested as repeatability and expressed as relative standard deviation 
for N = 3 independent extractions. Repeatability values ranged from 2 to 10 %. 
 
Figure IV.4. Different experiments using thiourea as a complexing agent at different 
concentrations and applying sonication for different times. Error bars indicate the 
standard deviation of the three sample preparations. Experiment 1: 0.3 % m/v of thiourea 
in 2 % V/v H2SO4, and 10 min of sonication time. Experiment 2: 0.6 % m/v of thiourea in 2 
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% V/v H2SO4, and 10 min of sonication time. Experiment 3: 0.6 % m/v of thiourea in 2 % 
V/v H2SO4, and 20 min of sonication time.  
Accuracy of the two approaches developed for extraction of Ag and Au was 
evaluated using five certified reference materials (Table IV.2). According to the 
optimization experiments pointed out above, the best conditions for achieving 
total recoveries are summarized at the table footnote. A t-test was applied to 
establish the trueness of both extraction methods. The condition texpbtcrit was 
fulfilled in all cases, and consequently there were no significant differences 
between the certified value and the mean value obtained. 
Recoveries for Ag rangedfrom 8 1 % to 107 % using acids as extractants, and 
from 97 % to 106 % using thiourea as complexing agent. In the case of Au, 
recoveries obtained using acids were 91 % and 96 %, for SRM2710 and SRM2782, 
respectively, and using thioureawere 94 % and 105 %, for SRM 2710 and SRM 
2782, respectively. 
Spiking experiments were performed for Ag in SRM 2711 and BCR 176R. A 4 
μg L−1 Ag concentrationwas added to extracts obtained from those materials. 
Recoveries of spikes for acid extracts corresponding to SRM2711 and BCR 176R 
were 95 ± 8 and 104 ± 7 %, respectively. Spike recoveries obtained in thiourea 
extracts corresponding to the above reference materials were 113 ± 4 % and 102 ± 
3 %, respectively. In the case of gold, spiking experiments at 20 μg L−1 
concentration level were performed with extracts of SRM 2782 and SRM 2710. 
Recoveries of spikes in acid extracts were 108 ± 5 % and 96 ± 2 %, respectively. 
Spike recoveries obtained in thiourea extracts were 109 ± 4 % and 100 ± 6 % for 






Table IV.2 Evaluation of the two proposed methodologies described above using five certified reference materials 
Element CRM 
Certified value  
(g g-1) 
           
Ultrasound-assisted acid extraction Ultrasound-assisted thiourea extraction 
Found value (g g-1) 
           
Recovery 
(%) 
texp RSD (%) 
Found value (g g-1) 
           
Recovery 
(%) 
texp RSD (%) 
Ag SRM  2710 35.3 ± 1.5 35.9 ± 1.95 101.9 a 1.5 2.2 34.15 ± 2.61 96.7 b 1.9 3.1 
 SRM 2711 4.63 ± 0.39 3.80 ± 0.9 81.4 c 4.0 9.7 4.86 ± 0.33 105.1b 3.0 2.8 
 SRM 2702 0.622 d 0.664 ± 0.06 106.7 a 2.9 3.7 0.65 ± 0.08 105.1 b 1.7 4.8 
 SRM 2782 30.6 d 30.8 ±1.7 100.7 a 0.5 2.2 32.5 ± 3.3 106.4 e 2.5 4.1 
 BCR 176R 33.1 d 31.8 ± 6.4 101.4 c 0.8 8.1 34.4 ± 2.5 104.0 e 2.3 2.9 
Au SRM  2710 0.6 d 0.55 ± 0.07 91.2 f 3.4 4.9 0.56 ± 0.06 94.0 b 2.5 4.4 
 SRM 2782 2.2 d 2.12 ± 0.10 96.5 f 3.0 2.0 2.30 ± 0.20 104.9 e 2.7 2.9 
tcrit is 4.303 (N=2, p<0.05).  
a 25 % v/v HNO3, 25 % v/v HF, 20 min of sonication time. 
b 0.6 % m/v thiourea, 2 % v/v H2SO4, 20 min of sonication time. 
c 25 % v/v  HNO3, 25 % v/v HF, 5 % v/v HCl, 20 min of sonication time. 
d Indicative value.  
e 0.3 % m/v thiourea, 2 % v/v H2SO4, 10 min of sonciation time. 
f 25 % v/V HNO3, 25 % v/v HCl, 20 min of sonication time. 
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Table IV.3 Analytical results (µg g-1, N=3) for the determination of silver and gold in river sediments and soils using both proposed 
methodologies 
Sampling point 
 Ag  Au 
 UAE (HNO3+HF) 
            
(RSD %) 
UAE (thiourea)  
            
(RSD %) 
texp 
 UAE (HNO3+HCl) 
            
(RSD %) 




Miño River Sediment (Ourense)  0.204 ± 0.029 (5.7 %) 0.231 ± 0.044 (7.7 %) 2.1  <LOD <LOD - 
Arnoia River Sediment (Arnoia)  <LOD <LOD -  <LOD <LOD - 
Arenteiro River Sediment (O Carballiño)  0.107 ± 0.023 (8.5 %) 0.125 ± 0.021 (6.8 %) 2.4  <LOD <LOD - 
Miño River Sediment (Salvaterra)  <LOD <LOD -  <LOD <LOD - 
Louro River Sediment (Tui)  2.405 ± 0.167 (2.8 %) 2.524 ± 0.346 (5.5 %) 1.3  <LOD <LOD - 
Lagares River Sediment (Vigo)  0.520 ± 0.063 (4.7 %) 0.562 ± 0.090 (6.4 %) 1.7  <LOD <LOD - 
Brués Soil (Boborás)  0.301 ± 0.020 (2.7 %) 0.314 ± 0.058 (7.5 %) 0.9  0.225± 0.014 (2.5 %) 0.239 ± 0.023 (3.8 %) 2.2 
Rivas Soil (O Irixo)  0.082 ± 0.011 (5.4 %) 0.088 ± 0.014 (6.2 %) 1.6  <LOD <LOD - 
O Lago Soil (Maside)  <LOD <LOD -  <LOD <LOD - 
Sampaio Soil (Ribadavia)  <LOD <LOD -  <LOD <LOD - 
Salvaterra de Miño Soil (Salvaterra)  <LOD <LOD -  <LOD <LOD - 
LOD for silver is 0.012 µg g-1 and for gold is 0.05 µg g-1. tcrit is 2.776 (N=3, p < 0.05).  
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IV.3.5. Application to real samples 
Optimal conditions using both extractants were applied for the 
determination of Ag and Au in real samples (river sediments and soils). After 
application of an unpaired t-test, no significant differences were observed 
between the results obtained with ultrasound-assisted acid extraction and with 
ultrasound-assisted thiourea extraction. 
Table IV.3 shows the found concentrations of Ag and Au in real samples. As 
can be observed, silver and gold concentrations are generally below the LOD. 
However, the high concentration of Ag in the Louro River Sediment and Lagares 
River Sediment could be attributed to anthropogenic sources, because of the 
occurrence of industrial activity (agricultural,chemical, pharmaceutical, printing, 
packing materials, ceramics, building, machinery and mining industries) upper 
downstream in the first case, and the proximity of Vigo town (320,000 inhabitants) 
in the second case. The presence of Ag in the Miño River Sediment (Ourense) and 
in Arenteiro River Sediment (O Carballiño) could be due to an emanation of 
hydrothermal fluids near those places [33]. 
Regarding the occurrence of Au in measurable quantities, this metal is only 
found in the case of the Brués (Boborás) sample. For the accurate quantification of 
gold in the Brués Soil, the multi-injection technique (i. e. 15 μL injected repeatedly 
three times) was used to facilitate quantification, because of the proximity of the 
concentration found and the LOQ for gold. This sampling point was partially 
exploited for Au extraction until 1910 by the English Company ‘The Carballino Gold 
and Arsenic Mines Ltd’, which treated 15,000 t of the ore [33]. In that period, veins 
of 30 g t−1 had been found there [34]. Some of the other sampling points had been 
exploited as sources ofAu ores by the Romans, but nowadays the Au concentration 
was undetectable. As an example, in Rivas (O Irixo), the excavation involves 
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100,000 m3 of soil [33]. In addition, Ag was also found associated with Au ores, as 
occurred in Brués. 
IV.4. Conclusions 
To conclude, two simple and fast methods have been developed for the 
extraction of Ag and Au from different solid materials such as soil, river sediment, 
industrial sludge and fly ash, prior to their determination by electrothermal-atomic 
absorption spectrometry.  
Ultrasound-assisted acid extraction of Ag needs 25 % v/v HNO3+ 25 % v/v HF 
and sometimes 5 % v/v HCl. For Au extraction, the mixture of 25 % v/v HNO3 + 25 
% v/v HCl is required for oxidation and stabilization of Au in solution as the AuCl4
− 
complex. Unlike ultrasonic probes, cup-horn sonication makes it possible to use HF 
in the extractant mixture without damaging the ultrasonic device. 
On the other hand, the use of 0.6 % m/v thiourea in diluted H2SO4 medium 
proved very effective for the extraction of Ag and Au. Ultrasound-assisted thiourea 
extraction can be considered advantageous over ultrasound-assisted acid 
extraction, since shorter extraction times can be applied for some samples, and 
moreover, wastes generated are of low toxicity. On the contrary, the optimum 
extraction time with acid mixtures (25 % v/v HNO3 + 25 % v/v HF or 25 % v/v HCl+ 
25 % v/v HNO3) was 20 min in all cases. 
Finally, both proposed methodologies were applied to real samples collected 
in several points of Galicia (Spain). The concentration of Ag was higher than that of 
Au in the selected samples. 
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V. Ion pair-based dispersive liquid-liquid microextración for gold 
determination at ppb level in solid samples after ultrasound-
assisted extraction and in waters by electrothermal-atomic 
absorption spectrometry 
V.1. Introduction 
old is a noble metal that occurs at very low levels in the nature, except in 
the limited gold ores or in certain alluvial deposits. However, the use of gold 
is widely extended in jewellery, medicine, dentistry, industry, electronics, cosmetic 
and even in food and drinks [1,2]. On the other hand, cytotoxicity has been 
observed for gold nanoparticles functionalized with cationic side chains [3], 
therefore, gold determination in waters or other samples shows an increasing 
interest due to the enormous production on gold nanoparticles around the world. 
As a result of the low levels of gold in most environmental samples, a variety 
of preconcentration methods for gold have been developed such as solid phase 
extraction (SPE) [4], cloud point extraction (CPE) [5,6], coprecipitation [7] and 
liquid–liquid extraction(LLE) [8] in order to meet the sensitivity requirements of 
different detection techniques. However, many preconcentration approaches 
involve tedious procedures with multiple steps [4]. Several reviews have been 
published on this subject [9–11].  
LLE has been widely employed for extraction and preconcentration of both 
organic and inorganic analytes. One of the multiple options for the extraction of 
metallic ions by LLE is based on the formation of ion pairs followed by their 
extraction in organic solvents. In this way, quaternary ammonium salts (e. g. 
tetrabutylammonium ion, Bu4N
+; trioctyl methyl ammonium ion, MeOc3N
+), 
organometallic cations (e. g. tetraphenylarsonium ion, Ph4As
+; 
G 
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tetraphenylphosphonium ion, Ph4P
+; triphenyltin ion, Ph3Sn
+) or cationic colorants 
(e. g. rhodamine B) have been applied with this aim. These cationic species form 










- [12]. Several approaches 
involving the formation of different ion pairs with AuCl4
- and subsequent solvent 
extraction have been reported in the literature [13]. However, it should be pointed 
out that at present, LLE is not recommended due to the large volumes of toxic 
organic solvents apart from being labour-intensive [14].  
The development of sample pretreatment approaches involving a 
minimization of solvent consumption and waste generation, as well as integration 
of steps is one of the main objectives pursued by the green analytical chemistry 
[15,16]. In this context, Rezaee et al. [17] introduced in 2006 the technique named 
dispersive liquid–liquid microextraction (DLLME) for the extraction of organic 
compounds. DLLME consists of a miniaturization of the LLE, which results in a 
drastic reduction of the extractant phase volume (usually an organic solvent) [16]. 
As a result of the reduced extractant phase volume as compared to LLE [18], 
environmental and human hazards are minimized and this technique can be 
considered as green [16]. DLLME studies related to ion metals involve the use of 
complexing reagents, ligandless-dispersive liquid–liquid microextraction (LL-
DLLME) and ion-pair forming agents, the first approach being the most widely 
used. Thus, ammoniumpyrrolidine dithiocarbamate (APDC) and diethyl 
dithiophosphoric acid (DDTP) have been used for complexing Cd [19] and Pb [20]. 
LL-DLLME has been applied for the determination of Ag [21], Cu [22] and Pd [23]. 
The ion-pair based approach has only been employed for gold following the 
formation of an ion pair between the AuCl4
- complex and different counter ions 
such as Victoria Blue R [24], dicyclohexylamine [25] and between the AuCN2
- 
complex with Astra Phloxine (R) [26]. 
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Since 2007, more than forty papers have appeared in the literature 
concerning metal extraction using DLLME. Samples analyzed were mostly waters 
[19,27] due to the simplicity and low matrix effects found with these samples [28]. 
More efforts need to be made so as to extend the applicability of DLLME to 
solid matrices. At this point, ultrasound-assisted extraction (UAE) could be a 
suitable option instead of more intensive pretreatments prior to the use of DLLME. 
The proposed method was applied to the determination of Au in solid 
samples, such as soils and sediments, and in water samples at a lower 
concentration level (ng g-1 and ng mL-1, respectively) than in other papers 
published recently. Amin [29] quantified Au at µg L-1 levels in water, mg g-1 in jewel 
samples and µg g-1 in ore samples following solid-phase extraction. Kocúrová et al. 
[26] determined Au at the mg L-1 level in pharmaceutical samples following 
preconcentration by DLLME, using 145 µL of toluene and 145 µL of CCl4 for 
microextraction. De La Calle et al. [30] carried out the ultrasound-assisted 
extraction of Au from environmental solid samples, thus avoiding acid digestion for 
pre-treatment. However, the method was not sensitive enough for gold 
determination at the ppb level. 
The goal of this work is to develop a pre-treatment method for Au 
determination in solid matrices at ultratrace level by combining UAE and DLLME in 
tandem prior to detection by electrothermal-atomic absorption spectrometry. 
V.2. Experimental 
V.2.1. Reagents and standards 
Ultrapure water was obtained from a PETLAB ultrapure water production 
system (Peter Taboada, Vigo, Spain). All chemical products used were of analytical-
reagent grade. A gold standard solution (1000 mg L-1 Au (III) as HAuCl4) in 10 % v/v 
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HCl was obtained from (Prolabo, Leicestershire, England). Tetrabutylammonium 
bromide 99 % of purity [CH3(CH2)3]4NBr (Aldrich, Steinheim, Germany). 69 % m/v 
nitric acid (Prolabo), 37 % m/v hydrochloric acid (Prolabo), 95 % m/v sulphuric acid 
(Prolabo), 30 % m/v hydrogen peroxide (Merck, Darmstadt, Germany) and 40 % 
m/v hydrofluoric acid (Merck) were used for extraction after dilution with 
ultrapure water. Dichloromethane (Panreac, Barcelona, Spain), trichloromethane 
(Panreac), carbon tetrachloride/tetrachloromethane (Panreac), bromobenzene 
(Aldrich) and chlorobenzene (Aldrich) were attempted as potential organic 
extractant phases. Methanol (Prolabo), acetone (Prolabo), ethanol (Prolabo) and 
acetonitrile (Prolabo) were tested as disperser solvents. 
V.2.2. Instrumentation 
All measurements were carried out with a Thermo Electron Corporation® 
series M5 atomic absorption spectrometer (Cambridge, UK) equipped with 
deuterium background corrector. A Thermo GF95 graphite furnace, a Thermo FS95 
furnace autosampler and a hollow cathode multielemental lamp of Ag/Au were 
employed as radiation source (Thermo Scientific, Cambridge, UK). The 
instrumental parameters are given in Table V.1. Longitudinal-heated graphite 
tubes with integrated L’vov platform were provided by the same manufacturer. 
A cup-horn sonoreactor UTR 200® (Dr. Hielscher Company, Teltow, Germany) 
with 200 W of maximum output power and 24 ± 1 kHz of operating frequency was 
employed for ultrasound-assisted extraction of gold from the different samples. A 
Sonic and Materials (Danbury, CT, USA) ultrasonic probe (50 W power, 20 kHz 
frequency) equipped with a titanium microtip of 3mm diameter was also tried to 
assist DLLME. 
A Denver (Norfolk, United Kingdom) microcentrifuge was used for rapid 
separation of liquid and solid phases after ultrasound-assisted extraction. A Sigma 
2-16 versatile Centrifuge (Dorval, Canada) was used for rapid separation of the 
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organic solvent (few microliters of chlorobenzene) at the bottom of the vial from 
the aqueous solution after DLLME. 
A 100-µL microsyringe (Hamilton model 1710N CTC, Reno, Germany) was 
used to collect the sedimented organic phase and to accurately dose the volume of 
the different organic phases studied.  





















a) Instrumental parameters 
Parameter  Au   
Wavelength (nm)  242.8   
Spectral band pass (nm)  0.5   
Lamp current (mA)  7.5   
Signal measurement  Peak Area   
Read time (s)  3   
Program time (s)  112   








Gas flow-rate  
Ar (L/min) 
Drying 1 80 30 30 0.2 
Drying 2 120 30 15 0.2 
Pyrolisis 400  30 30 0.2 
Atomization 2400 3 0 0a 
Cleaning 2800 3 300 0.2 
a Read stage. 
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V.2.3. Sample collection and conditioning 
V.2.3.1. Water samples 
Three water samples were collected from Avia River (Ribadavia), Castrelo de 
Miño Dam (Castrelo de Miño) and Arenteiro River (O Carballiño) in Galicia 
(northwest of Spain). Samples were acidified immediately with nitric acid to pH = 2 
so as to prevent adsorption of the metallic ions onto the flask walls. Samples were 
filtered before analyses through cellulose nitrate filter with a pore size of 0.45 µm 
(Sartorious, Goettingen, Germany) to remove suspended particulate matter. 
V.2.3.2. Environmental solid samples 
Three certified reference materials (CRMs) were used to evaluate the 
accuracy of the proposed methodology: NIST SRM 2782 Industrial Sludge, NIST 
SRM Montana Soil 2710 and NIST SRM Montana Soil 2711 from National Institute 
of Standards and Technology (United States). Powdered samples were stored at 
4°C and no additional grinding was performed. Certificates for CRMs ensured a 
particle size less than 75 µm in SRM 2782 and less than 74µm in SRM 2710 and 
SRM 2711. 
Several real samples were also analyzed to demonstrate the usefulness of the 
proposed methodology. Eleven sampling points along 88km were selected 
according to previous information. Six river sediment samples were collected at 
the Miño River (Ourense), Arenteiro River (O Carballiño), Arnoia River (Arnoia), 
Miño River (Salvaterra de Miño), Louro River (Tui) and Lagares River (Vigo). 
Moreover, soil samples were collected at Rivas (O Irixo), Brués (Boborás), O Lago 
(Maside), Sampaio (Ribadavia) and Oleiros (Salvaterra de Miño). 2 kg of sample 
(sediment or soil) were collectedat each sampling point using a plastic scoop and 
kept in polyethylene containers. Once in the laboratory, samples were dried at 
60°C in a heater. After that, they were sieved using nylon sieves to collect the 
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fraction with a particle diameter less than 50 µm, and then stored in polyethylene 
bottles at room temperature in a desiccator. 
V.2.4. DLLME procedure for aqueous standards and water samples  
1 mL of concentrated HCl, 0.5 mL of 0.31 M [CH3(CH2)3]4NBr and 5 mL of gold 
aqueous standard (0.075 - 75 µg L-1) or 5 mL of a water sample were poured into a 
15-mL polyethylene tube. A mixture of 500 µL of acetone (as the disperser agent) 
and 35 µL of chlorobenzene (as the extraction solvent) was added to the tube. A 
white-cloudy solution appeared immediately. The solution was manually shaken 
for a few seconds, and the mixture was then centrifuged for 2min at 3000 rpm. 
Thus, the ion pair AuCl4[CH3(CH2)3]4N formed was extracted into the organic phase, 
which sedimented at the bottom of the tube. Finally, 22 ± 2 µL of the sedimented 
phase were placed into an autosampler cup of the ETAAS instrument and 15 µL 
were automatically injected by the autosampler into the graphite tube. Gold 
absorbance was measured under the operating conditions summarised in Table 
V.1. The temperature program is similar to others where chlorinated solvents are 
used [25]. 
V.2.5. UAE–DLLME procedure for environmental solid samples  
A portion of 3 – 30 mg of solid material was weighed into an Eppendorf vial 
and 1 mL of a 25 % v/v HNO3 + 25 % v/v HCl mixture was added to the vial. This 
acid mixture has been proved efficient for the extraction of gold due to the oxidant 
properties of nitric acid and the complexing properties of hydrochloric acid (i. e. 
formation of the complex AuCl4
- at high HCl concentration) [30]. Ultrasound energy 
was applied for 20 min at a sonication amplitude of 60 % by means of a cup-horn 
sonoreactor. This system was previously filled with ultrapure water so that 
ultrasound waves could be efficiently transmitted. After sonication, centrifugation 
was carried out for 2 min at 5000 rpm. The preconcentration step was performed 
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like in Section V.2.4. 900 µL of the sonicated extract were poured into a 15-mL 
polyethylene tube and then, 0.75 mL of concentrated HCl, 2.5 mL of a 6.2·10−2 M 
[CH3(CH2)3]4NBr solution and 0.85 mL of ultrapure water were added. 
V.3. Results and discussion 
Preliminary experiments were performed in order to ascertain the 
extractability of the ion pair in organic solvents as well as possible analyte losses in 
the furnace owing to the use of chlorinated solvents. To this end, LLE was 
performed by using equal volumes of gold standard solution and organic solvent 
(chlorobenzene). Calibration lines for gold obtained in aqueous and organic media 
showed the same slope, thus demonstrating the absence of errors. 
In order to find the appropriate conditions for DLLME, experimental 
parameters such as nature and volume of the extractant solvent and disperser 
agent, effect of hydrochloric acid and tetrabutylammonium bromide concentration 
were studied. 
V.3.1. Optimization of DLLME 
V.3.1.1. Nature and volume of the extraction solvent 
Dichloromethane (CH2Cl2), tetrachloromethane (CCl4), chloroform (CHCl3), 
chlorobenzene (C6H5Cl) and bromobenzene (C6H5Br) were tried as organic solvents 
in this work. These organic solvents were chosen according to their density, higher 
than water in all cases, and ranging from 1.10 to 1.58 g cm-3 [31]. Dichloromethane 
(CH2Cl2) was rejected since it was fully soluble in the sample solution after the 
formation of the cloudy solution. Tetrachloromethane (CCl4) was also discarded 
because of its inability to extract the ion pair formed likely due to its non-polar 
nature [31]. In Figure V.1, a comparative study of the effect of chloroform, 




Figure V.1. Effect of the volume of different extractants on both the enrichment factor of 
Au (♦) and the volume of the sedimented phase (□). (A) chlorobenzene, (B) bromobenzene 
and (C) chloroform. The experimental conditions are 0.5 µg L-1 of Au, 10 % v/v HCl, 1.55 
10-2 M of [CH3(CH2)3]4NBr and 500 µL of methanol in all cases. 
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The volume of the organic solvents was varied from 25 to 150 µL for 
chlorobenzene and bromobenzene, and from 75 to 150 µL for chloroform, because 
of the total solubility of chloroform at lower volumes. As can be seen, 
chlorobenzene allows obtaining the higher enrichment factor.  
Sedimented phase volumes smaller than 20 µL were not enough for being 
injected into the graphite furnace. A volume of 35 µL of chlorobenzene 
(representing ca. 22 µL of the sedimented phase) provided an enrichment factor of 
220 (extraction efficiency of 77 %). The same volume of bromobenzene provided 
an enrichment factor of 115 (extraction efficiency of 61 %). 75 µL of chloroform 
gave rise to an enrichment factor of 145 (extraction efficiency of 59 %). The use of 
larger volumes of organic solvent gave rise to a decrease in the enrichment factor 
as a result of dilution. Due to the high volumes of chloroform required and the 
lower enrichment factor obtained with bromobenzene, chlorobenzene was 
selected for further studies. 
V.3.1.2. Nature and volume of disperser solvent 
The disperser solvent is used in DLLME to enhance the extraction kinetics, 
since it allows the formation of tiny drops of extractant phase, which improves the 
mass transfer of the analyte as a result of the increased liquid–liquid interface [18]. 
In addition, the sedimented phase volume depends on the nature and volume of 
disperser solvent [31]. The organic extractant and disperser agent should be mixed 
in advance so as to obtain the same remaining volume of sedimented phase. 
Several organic solvents were attempted as dispersers on the basis of their 
miscibility with both the organic and aqueous phases. Methanol (CH3OH), acetone 
(CH3COCH3) and acetonitrile (CH3CN) were assayed as disperser agents at the same 
conditions and using the same volume (i. e. 500 µL) (Figure V.2). 
The extraction efficiency achieved using methanol and acetone was almost 







Figure V.2. Effect of the extractant on the extraction efficiency of Au. Chlorobenzene was 
used as extractant and the volume of the three disperser solvents (methanol, acetone and 
acetonitrile) was 500 µL. Experimental conditions were the following: 0.5 µg L-1 Au (III) 
concentration; 10 % v/v HCl concentration; 1.55×10−2 M [CH3(CH2)3]4NBr concentration; 35 
µL of chlorobenzene. 
The effect of the acetone volume was studied in the range 0.25 - 2 mL. In 
order to achieve a constant volume of sedimented phase the volumes of acetone 
and chlorobenzene were changed simultaneously, so that the volume of the 
sedimented was 22 ± 2 µL. The studied volume ratios of acetone (mL) / 
chlorobenzene (µL) were 0.250 / 35, 0.5 / 35, 0.75 / 35, 1 / 40 and 2 / 40. Finally, a 
0.5 mL volume of acetone was chosen for subsequent experiments, since it 
provided the highest extraction efficiency (Figure V.3A). 
V.3.1.3. Effect of hydrochloric acid concentration 
The hydrochloric acid concentration is a key parameter on the formation of 
the AuCl4
- complex previous to the formation of the ion pair. Furthermore, an 
acidic medium (low pH) is suitable for the extraction of ion pairs in conventional 
LLE [12]. Maeck et al. assayed concentrations of 0.2 to 5 M of HCl in the extraction 
of gold as quaternary amine complexes [32]. 
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Figure V.3. (A) Optimization curve of acetone volume. Experimental conditions were the 
following: 0.5 µg L-1 Au (III) concentration; 10 % v/v HCl concentration; 1.55 × 10-2 M 
[CH3(CH2)3]4NBr concentration; 35 µL of chlorobenzene. (B) Optimization curve of 
hydrochloric acid concentration (% v/v). Experimental conditions were the following: 0.5 
µg L-1 Au (III) concentration; 1.55 × 10-2 M [CH3(CH2)3]4NBr concentration; 500 µL of 
acetone; 35 µL of chlorobenzene. (C) Optimization curve of the tetrabutylammonium 
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bromide concentration (M). Experimental conditions were the following: 0.5 µg L-1 Au (III) 
concentration; 20 % v/v HCl concentration; 500 µL of acetone; 35µL of chlorobenzene. 
The excess of HCl has a positive effect on the ion pair formation and 
extraction. The extraction efficiency increased on increasing the hydrochloric acid 
concentration up to 20 % v/v (i. e. 2.3 M), so further experiments were carried out 
at this concentration (Figure V.3B). 
V.3.1.4. Effect of the ion-pair-forming agent 
Tetrabutylammonium bromide ([CH3(CH2)3]4NBr) was chosen due to its ability 
to form an ion pair with the tetrachloraurate ion, which can be extracted into an 
organic solvent [33]. The effect of the [CH3(CH2)3]4NBr concentration was studied 
in the range 3.1 × 10-3 to 6.2 × 10-2 M. As is shown in Figure V.3C, an increase in the 
extraction efficiency of the ion pair occurred with increasing [CH3(CH2)3]4NBr 
concentration up to 3.1 × 10-2 M. This concentration of ion pairing agent was 
selected accordingly for subsequent experiments. 
V.3.1.5. Effect of ultrasound energy without the use of disperseragent 
To avoid the use of the disperser agent, ultrasound energy could be applied, 
which leads to the technique known as ultrasound-assisted emulsification 
microextraction (or ultrasound-assisted dispersive liquid–liquid microextraction). 
Ultrasound irradiation can facilitate the dispersion of the extractant solvent in the 
aqueous phase without using disperser agent [16]. 
A comparative study on the extraction efficiency of the ion pair by 
amicrovolume of chlorobenzene was performed by applying different dispersion 
systems, including the use of a disperser solvent, an ultrasonic probe and a cup 
horn sonoreactor.  
The obtained results are shown in Figure V.4. The application of ultrasound 
energy by means of an ultrasonic probe for 3 min at 50 % amplitude with 
chlorobenzene (35 µL) as organic extractant allows achieving an extraction 
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efficiency of 93 %, very close to that obtained adding chlorobenzene (35 µL) + 
acetone (500 µL) (i. e. 96 %). On the other hand, the use of the cup-horn 
sonoreactor or the extraction without adding any disperser agent proved 
unsuitable because of the lower extraction efficiency reached. Despite ultrasound-
assisted DLLME using an ultrasonic probe provided good performance, the option 
of a disperser agent was chosen, since faster operation was achieved (i. e. 15 s 
versus 18 min for six samples). 
 
 
Figure V.4. Effect of the dispersion system on extraction efficiency of Au (use of a disperser 
agent or ultrasound). Experimental conditions were the following: 35 µL of chlorobenzene; 
20 % v/v HCl concentration; 3.1 × 10-2 M [CH3(CH2)3]4NBr concentration; 0.3 µg L
-1 Au (III) 
concentration. (A) Use of only chlorobenzene without any dispersion; (B) use of 500 µL of 
acetone as disperser agent; (C) application of 5 min of ultrasound at 60 % sonication 
amplitude by a cup-horn sonoreactor; (D) application of 3 min of ultrasound at 50 % 
sonication amplitude by an ultrasonic probe. Ultrasound is applied to assist the dispersive 
liquid–liquid microextraction 
V.3.2. Analytical figures of merit 
Under optimized conditions, the calibration line was: y = (0.905 ± 0.023) [Au] 
+ (0.025 ± 0.009) with a regression coefficient better than 0.998, where y is the 
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integrated absorbance and the gold concentration is expressed in µg L-1. The 
calibration function was linear in the range 0.075 - 0.75 µg L-1. 
Instrumental limits of detection (LODs) and quantification (LOQs) for gold, 
calculated according to the 3 s/m and 10 s/m criteria (being s the standard 
deviation of 10 consecutive blanks and m the slope of the calibration curve), were 
8.4 and 28 ng L-1, respectively. When aqueous samples were analyzed, the 
procedural limits of detection and quantification were 42 and 140 ng L-1, 
respectively. Finally, when solid samples were analyzed, the procedural limits of 
detection and quantification for 30mg of sample were 1.5 and 5.2 ng g-1, 
respectively. 
Repeatability expressed as relative standard deviation (RSD) ranged from 4.0 
to 8.6 % for water samples, from 5.5 to 9.7 % for certified reference materials and 
from 3.6 to 9.2 % for environmental solid samples. 
The enrichment factor was calculated from the following equation: 
   
    
  
              (1) 
where EF, Csed and C0 are the enrichment factor, the analyte concentration in the 
sedimented phase and the initial concentration in the aqueous sample, 
respectively. The Csed was calculated from the calibration graph obtained by 
conventional LLE-ETAAS using a mixture with 650 µL of Au (III) aqueous standard 
(concentration in the range 25 - 150 µg L-1), 100 µL of concentrated HCl, 0.250 µL of 
0.031 M [CH3(CH2)3]4NBr and 1 mL of chlorobenzene. The resulting enrichment 
factors were 220 and 415 when using a sample volume of 5 and 10 mL, 
respectively. 
The extraction efficiency of the DLLME method, defined as the percentage of 
total analyte amount extracted into the sedimented phase was calculated from 
Equation (2): 
    
    
  
   
    
   
                 (2) 
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where EE, Vsed and Vaq are the extraction efficiency, the volume of the sedimented 
phase and the volume of the sample solution, respectively. Finally, the extraction 
efficiency achieved was 96.4 %. 
V.3.3. Analytical applications 
V.3.3.1. Gold determination in real water samples 
Gold levels in the water samples analyzed were below the detection limit. 
The suitability of calibration with aqueous standard solutions was verified by 
performing spiking experiments in river and dam water samples. The achieved 
recovery of a spike containing 0.3 µg L-1 Au ranged from 91 to 110 % (Table V.2). 
The Student t-test was applied, and no significant differences were found (i. e. texp 
was lesser than tcrit in all cases). 
Table V.2. Determination of gold in natural water samples. 
 




(µg L-1)            





Avia River  0 -    
 0.3 0.28 ± 0.06 95.4 8.6 0.9 
Castrelo de Miño (dam water) 0 -    
 0.3 0.33 ± 0.04 109.9 4.7 3.3 
Arenteiro River  0 -    
 0.3 0.27 ± 0.03 91.1 4.0 4.2 
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V.3.3.2. Gold determination in certified reference materials 
At the best of our knowledge, this is the first attempt to combine DLLME with 
an effective sample pre-treatment method such as ultrasound-assisted extraction 
for trace element analysis.  
Appropriate conditions were applied for the extraction of gold from 
environmental certified materials (Table V.3). Ultrasonic extraction of gold from 
solid samples was carried out prior to the DLLME step. A volume of 450 or 900 µL 
(depending on the gold concentration in the sample) from the extract obtained 
upon sonication was added to a 5 mL-vial (2.5 mL of 3.1 × 10-2 M [CH3(CH2)3]4NBr, 1 
mL of concentrated HCl). Moreover, spiking experiments were performed in order 
to check for possible matrix effects in the formation of the ion pair and the 
subsequent determination of gold by ETAAS. Spikes of 0.3 µg L-1 Au gave a 
recovery of 94.4 ± 11.6 % for SRM 2782, 101.9 ± 6.0 % for SRM 2710 and 97.5 ± 7.0 
% for SRM 2711. 
The Student t-test was applied to CRMs. The gold concentration found in 
CRMs was in good agreement with the indicative values (t-test, p = 0.95). texp (2.0 - 
2.6) was less than tcrit in all cases.  
Table V.3. Determination of gold in certified reference materials 
 





  (µg g-1)            





SRM 2782 Sewage Sludge 2.2 2.4 ± 0.4 110.4 6.3 2.6 
SRM 2710 Montana Soil 0.6 0.55 ± 0.07 93.0 5.5 2.4 
SRM 2711 Montana Soil 0.03 0.028 ±0.007 95.7 9.7 0.8 
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V.3.3.3. Gold determination in sediments and soils 
The combined methodology UAE–DLLME was applied to the determination of 
gold in sediment and soil samples. As shown in Table V.4, the proposed 
methodology allows determining the concentration of gold at the ng g-1 level. The 
sampling points showing higher gold concentration were soils of Rivas (100 ± 23 ng 
g-1) and Brués (249 ± 54 ng g-1), which were exploited as gold ores until 1910 [34]. 
Spiking experiments were also performed in some environmental solid 
samples. Spikes of 0.3 µg L-1 gold gave a recovery of 106 ± 5 % for O Lago soil 
(Maside) and 98 ± 7 % for Miño River sediment (Salvaterra de Miño). 
Table V.4. Analytical results (ng g-1; n=3) for the determination of gold in river sediments 
and soils extracts using UAE-DLLME-ETAAS.  
Sampling point  Found value (ng g-1)             RSD (%) 
Miño River Sediment (Ourense)  <LOQ - 
Arnoia River Sediment (Arnoia)  <LOQ - 
Arenteiro River Sediment (O Carballiño)  5.8 ± 1.3 9.2 
Miño River Sediment (Salvaterra de Miño)  7.1 ±0.6 3.6 
Louro River Sediment (Tui)  79.5 ± 11.7 5.9 
Lagares River Sediment (Vigo)  13.1 ± 2.7 8.2 
Brués Soil (Boborás)  248.8 ± 53.9 8.7 
Rivas Soil (O Irixo)  100.1 ± 22.5 9.0 
O Lago Soil (Maside)  27.3 ± 5.4 7.9 
Sampaio Soil (Ribadavia)  <LOQ - 
Oleiros Soil (Salvaterra de Miño)  6.4 ± 0.6 3.6 
 
The LOD for gold is 1.5 ng g-1 and the LOQ is 5.2 ng g-1 (for 30 mg of mass sample); RSD is 
the relative standard deviation. 
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V.3.4. Comparison with other methodologies for gold preconcentration 
In Table V.5, some alternative methods for separation / preconcentration of 
gold are compiled and compared with our UAE - DLLME approach. The analysis 
time was estimated in all cases according to the information provided in the 
literature. When water samples are analyzed, preconcentration can be directly 
applied. For environmental solid samples, a sample pre-treatment is required. 
Shorter pre-treatment times along with a decreased volume of organic solvents 
and sample mass are achieved with the in-tandem combination of UAE and 
DLLME. The enrichment factor achieved for water sample approaches the 
theoretical one due to the high extraction efficiency reached (i. .e. 96 %). In 
relation with the linear range, LOD and precision obtained are comparable to other 
methods using DLLME or CPE. However it is considered that DLLME is easier and 
simpler than CPE, due to the tedious steps involved in CPE. 
V.4. Conclusions 
The combination of UAE and DLLME has been successfully applied for the 
determination of gold in both liquid and solid samples. The expeditiousness of UAE 
for fast solid–liquid extraction along with the efficient liquid–liquid microextraction 
provided by DLLME allows improving sample preparation for determination of gold 
at ultratrace level. This methodology could be easily adapted for the 
determination of other elements present at ultratrace level in solid samples, using 
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Table V.5. Comparison of the proposed method with others reported in the literature for preconcentration and determination of gold.  
Analytical technique Matrix (estimated analysis time) 
Sample 








RSD (%) Ref. 
MW-Hg Coprecipitation-TXRF Urine, roots and dust samples (≈ 2h) 20 mL - Up to 5 2 ng L-1 20 [7] 
SPE-ICP-OES Geological samples (≈ 1h) 0.3 g 50 2-25 47 ng L-1 4.8 [4] 
Simplified-CPE-ETAAS Water (10 min) 
Copper samples (≈ 1h) 
50 mL 
0.1g 
200 0.01-0.2 2 ng L-1 




MW-CPE-ICP-MS Water (40 min)  
Soils (≈ 2h) 
30 mL 
0.2 g 
125 0.02-2 0.12 ng L-1 0.8-1.8 
1.7-8.6 
[6]  
LLME-FAAS Water (5 min) 500 mL 1000 0-10 2.9 ng L-1 3.4 [33]  
LLE-ETAAS Water and wastewater (10 min) 20 -50 mL 2 1000-15000 120 µg L-1 2.1 [8]  
DLLME-ETAAS Water (3 min) 
Silica ore (≈ 2h) 
10 mL 
0.2 g 
388 0.03-0.5 5 ng L-1 4.2 
10.6 
[24]  
DLLME-FAAS and ETAAS Water (14 min) 
Pt metal and alloy (≈ 2h) 
8 mL 
0.1 g 
60 0.02-1.0 2 ng L-1 2.0-6.1 
1.5-3.9 
[25]  
UAE-DLLME-ETAAS Water (3 min) 





0.075-0.75 8.4 ng L-1 







The preparation and preconcentration steps are: SPE, solid-phase extraction; CPE, cloud point extraction; 
MW, microwave; LLME, liquid–liquid microextraction; LLE, liquid–liquid extraction; DLLME, dispersive 
liquid–liquid microextraction; UAE, ultrasound-assisted extraction. 
The analytical techniques for determination are: ICP-OES, inductively-coupled plasma optical emission 
spectrometry; ICP-MS, inductively-coupled plasma mass spectrometry; ETAAS, electrothermal-atomic 
absorption spectrometry; FAAS, flame atomic absorption spectrometry; TXRF, total reflection X-ray 
fluorescence. 
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VI. Use of high-intensity sonication for pre-treatment of biological 
tissues prior to multielemental analysis by total reflection X-ray 
fluorescence spectrometry  
VI.1. Introduction 
ince the discovery of X-rays in 1895 by Wilhelm Conrad Röntgen [1], an 
increased number of equipment for X-Ray fluorescence (included portable 
instruments) has become available.  
In the last years, total reflection X-ray fluorescence spectrometry (TXRF) has 
been increasingly applied for analytical purposes. Advantages of TXRF include 
multielemental character, ability to handle microsamples, decreased background 
noise and matrix effects. A simple calibration with an internal standard is generally 
applicable to a large variety of matrices, i. e., liquids, acid extracts, acid digests and 
even solids. With this technique, the sensitivity is directly related to the 
measurement time; usually a time of 500 - 1000 s is typically selected. There is no-
consumption of gases or cooling water and a low amount of sample is required for 
carrying out the analysis (1 - 20 µL) [2]. 
Different applications of TXRF have been recently reviewed in biological 
samples [3]. Typical sample preparation procedures for analysis of biological 
samples by TXRF include acid digestion in a hotplate, microwave-assisted digestion 
and slurry sampling. Some examples of acid digestion can been found on applying 
the mixture HNO3 and H2O2 for trunk of trees [4] and fish tissue [5]. Another option 
is the use of PTFE bomb, which requires small acid volumes and prevents volatile 
elements from losing. This system is used for the digestion of soils, hay powder, 
animal blood [6], medicinal plants, peach and apple leaves [7]. Microwave-assisted 
digestion has also been used for decomposition of biological samples such as 
S 
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mussel, crab catfish [8], lichen [9], cucumber plant [10], citrus leave and tobacco 
[11]. A simple sample preparation procedure consists of acid micro-digestion 
directly on the sample carrier for bovine liver [12] and microcrustaceans [13].  
Apart from that, formation of homogenous slurries or suspensions 
constitutes an alternative to acid digestion for TXRF measurements. Several papers 
have been published on this approach and in the majority of cases, ultrasound 
energy and stabilizing agents such as Triton X-100 [14] or polyethylenimine [15, 16] 
have been used. Varga et al. [17] used an ultrasonic bath for 5 min with the aim of 
forming a slurry from algae samples. In more complex matrices such as 
archaeological ceramics [18], aluminium oxide [14], boron carbide [15], boron 
nitride powders [16] 15 or 30 min of sonication were required.  
Nowadays, low-cost, expeditious and reliable sample pre-treatment 
techniques for trace element analyses are required in every lab. For this purpose, 
analytical methodology should involve simplified sample handling, minimum 
consumption of sample and reagents, and low waste generation.  
In recent years, ultrasound energy has been used to promote extraction of 
several elements from a wide range of matrices prior to their determination by 
electrothermal-atomic absorption spectrometry (ETAAS) [19], flame-atomic 
absorption spectrometry (FAAS) [20] or inductively-coupled plasma mass-
spectrometry (ICP-MS) [21]. Ultrasound-assisted extraction (UAE) provides 
simplicity, rapidity, reduced risks of contamination and less operation hazards in 
comparison with microwave-assisted digestion procedures. Moreover, lower 
bacdground, and consequently, improved detection limits are expected since only 
diluted acids are used as extractants. When compared to slurry sampling, lower 
background is also expected since only the liquid phase is deposited onto the 
sample carrier and no solid particle. A potencial drawback of UAE could be the 
incomplete extraction of some elements, something that is more likely to occur 
when low-power ultrasonic baths are used for extraction [22]. 
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As far as we know, no work has been published on the implementation of 
high intensity sonication for pre-treatment of biological samples prior to 
multielemental analysis by TXRF. In this work, two ultrasound-based procedures, i. 
e., UAE with a cup-horn sonoreactor and ultrasonic-probe slurry sampling (UPSS) 
are developed and compared to magnetic agitation slurry sampling (MASS) as 
sample pre-treatments for the determination of P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, As, 
Se and Sr in different biological tissues (certified reference materials and real 
samples). Apart from certified reference materials, real samples were also 
analyzed so as to extend the sample preparation approaches to different biological 
tissues, including fish and shellfish, which were commercially available. 
VI.2. Experimental 
VI.2.1. Reagents and standards 
Ultrapure water was obtained from a PETLAB ultrapure water production 
system (Peter Taboada, Vigo, Spain). All chemical products used were of analytical-
reagent grade. 
69 % m/v nitric acid (Prolabo, Leicestershire, England), 37 % m/v hydrochloric 
acid (Prolabo), 30 % m/v hydrogen peroxide (Merck, Darmstadt, Germany) and 
Triton X-100 (Merck) were employed. Nitric acid and RBS 50® solution (Sigma-
Aldrich, Steinheim, Germany) were used for washing the sample carriers. RBS 50 ® 
is a non-foaming liquid alkaline detergent with high cleaning and degreasing 
power.  
Different multielement and single element standard solutions were used for 
calibration purposes. ICP Multi Element Standard Certipur® VI (Merck) with 10 mg 
L−1 of Ag, Al, Ba, Bi, Cd, Co, Cr, Cu, Ga, K, Li, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sr, Te, Tl, 
U, V; 100 mg L−1 of As, B, Be, Fe, Se, Zn and 1000 mg L-1 of Ca was used. Single 
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standard solutions containing 1000 mg L-1 of P (Sigma-Aldrich), Ga (Sigma-Aldrich), 
Ge (Merck), Rh (Merck), In (Merck) and Tl (Merck) were employed.  
Silicone solution in isopropanol (Serva, Heidelberg, Germany) was used to 
obtain a hydrophobic surface in the quartz sample carriers so as to facilitate 
sample deposition. It was carried out with the addition of 10 µL of silicone solution 
followed by drying in an oven at 80 ⁰C for 30 min. 
VI.2.2. Instrumentation 
TXRF measurements were carried out by means of a TXRF-spectrometer 
model S2 Picofox (Bruker AXS Microanalysis GmbH, Berlin, Germany). The main 
characteristics are shown in Table VI.1.  
A MC5 Sartorius microbalance (Sartorious AG, Göttingen, Germany) and a 
Scaltec balance (Scaltec Instruments GmbH, Göttingen, Germany) were used for 
weighing samples. A Denver microcentrifuge (Denver Instruments, Norfolk, United 
Kingdom) was used for rapid separation of liquid and solid phases after ultrasound-
assisted extraction.  
A Cryodos-50 Lyophilizer (Telstar, Tarrasa, Spain) and a micro-mill model MM 
2000 (Retsch, Düsseldorf, Germany) equipped with agate balls were used for 
lyophilizing and grinding the real samples, respectively. Sieves made of nylon with 
mesh sizes of < 50 µm, < 100 µm and < 200 µm were employed to study the 
influence of particle size on extraction. 
A magnetic stirrer HB502 (Bibby, York, United Kingdom) and stirring bars of 7 
mm × 2 mm were used for the preparation of slurries by magnetic agitation. A high 
intensity ultrasonic probe VC 50-1 (Sonic and Materials Inc., CT, USA) (50 W power, 
20 kHz frequency) equipped with a titanium microtip of 2 mm diameter was used 
for slurry preparation. This probe sonicator allows working with slurry volumes in 
the range 0.15 - 5 ml. A cup-horn sonoreactor UTR 200® (dr. Hielscher Company, 
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Teltow, Germany) with 200 W of maximum output power and 24 ± 1 kHz of 
operating frequency was employed for carrying out the ultrasound-assisted 
extraction of the target elements. 
IBM SPSS 19.0 software for Windows was used for statistical data analyses. 
 
Table VI.1. Instrumental parameters of the S2 Picofox Spectrometer 
X-ray source 
Type Metal ceramic, air cooled 
Target Mo 
Target angle 6⁰ 
Max. High voltage 50 kV 
Max. Current 1000 µA 
Max. Power 50 W 
X-ray optics 
Type  Multilayer monochromator 
Design  Flat 
Energy  17.5 eV 
Beam shape Rectangle, about 8×0.1 mm2 
Sample carrier  
Type Quartz glass, siliconized 
Diameter  30 mm 
Thickness  3 mm ± 0.1 mm 
Detector 
Type  Silicon-Drift Detector (SDD) 
Area 10 mm2 
Resolution  <160 eV(Mn Kα 10kcps) 
Max. countrate >100kcps 
Integration time 1000 s 
Data evaluation  
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VI.2.3. Samples 
The following certified reference materials corresponding to animal tissue 
were employed for assessing the different sample pretreatments: NRCC TORT-2 
(lobster hepatopancreas), NRCC DOLT-2 (dogfish liver), NRCC DOLT-3 (dogfish 
liver), NRCC DOLT-4 (dogfish liver), NRCC DORM-2 (dogfish muscle), NRCC DORM-3 
(fish protein) from the National Research Council of Canada (Ottawa, Ontario, 
Canada) and BCR CRM 185-R (bovine liver) from the Community bureau of 
reference (Brussels, Belgium). CRMs were used as received and no additional 
grinding was performed. Powdered samples were stored at 4 ⁰C. 
The following real samples were analyzed: Hake (Merluccius merluccius), 
prawn (Panaeus kerathurus) and mussel (Mytilus galloprovincialis), all of them 
purchased in local markets (Vigo, Spain). Once in the laboratory, samples were 
homogenized using a mixer and then freeze-dried (-48⁰ C; 5.8·10-2 mB). After that, 
samples were ground by means of a mixer mill with agate balls for 5 min. The 
fraction with a particle size less than 50 µm was selected for analysis. Powdered 
samples were stored in polyethylene vials at 4 ⁰C.  
VI.2.4. Quality control of the TXRF instrumental parameters 
The instrumental parameters were monitored for quality control of the 
equipment. Gain correction was checked daily. Spectroscopic resolution, sensitivity 
and accuracy were evaluated monthly as recommended by the manufacturer. 
The quantification (extracts and slurries) was carried out by adding an 
internal standard, i. e., Ga at 1 mg L-1 concentration, and following the Equation 
(1). Where, Ci, Ni, Si are the concentration, the net pulse number within the 
measurement spectrum and the relative sensitivity of the element i and CIS, NIS, SIS 
for the internal standard element. 
   
           
      
                      (1) 
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Regarding the cleaning of sample carriers, a mechanical pre-cleaning with 
tissue and acetone was the first step. After that, the sample carriers were 
mounted on the washing cassette and transferred into a glass beaker. Different 
reagents were used, i. e., 5 % v/v RBS 50®, 10 % v/v HNO3. Sample carriers were 
rinsed with ultrapure water after each washing step. Finally, sample carriers were 
dried for 30 min at 80 ⁰C before the application of 10 µL of silicone solution into 
the centre of the sample quartz carriers. In this way, a hydrophobic surface was 
achieved, which prevented the aqueous drop from spreading out over the sample 
carrier.  
VI.2.5. Analytical procedures 
VI.2.5.1. Magnetic agitation slurry sampling (MASS) 
A 10 mg portion of biological tissue was accurately weighed in an Eppendorf 
vial, and then, 1 mL of a solution containing 1 % w/v Triton X-100, 0.5 % v/v HNO3 
and 1 mg L-1 Ga standard were added. Magnetic stirring for 2 min at 2000 rpm was 
applied so as to facilitate the slurry formation. 10 µL of the homogeneous slurry 
were withdrawn while still being stirred, deposited onto the quartz sample carrier 
and dried in a hot plate up to complete evaporation. Blanks were treated in the 
same way.  
VI.2.5.2. Ultrasonic-probe slurry sampling (UPSS) 
A 10 mg portion of biological tissue was weighed in a polyethylene vial and 1 
mL of a solution containing 0.01 % w/v Triton X-100, 3 % v/v HNO3 and 1 mg L
-1 Ga 
standard were added. Ultrasound energy was applied for 30 s by means of an 
ultrasonic probe at an amplitude of 30 %. A 10 µL-slurry aliquot was withdrawn 
immediately after stopping ultrasound irradiation, deposited onto the quartz 
sample carrier and dried in a hot plate. Blanks were treated in the same way. 
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VI.2.5.3. Ultrasound-assisted extraction procedure (UAE) 
A 10 mg portion of biological tissue was weighed into an Eppendorf vial, 1 mL 
of extractant solution and 1 mg L-1 Ga standard were added. A cup-horn 
sonoreactor was used for simultaneous pre-treatment of up to six samples.  
Extraction experiments with different extractant composition were 
performed so that all elements could be efficiently extracted from the selected 
matrices. Experiments were the following: experiment 1 (UAE-M1): 0.5 % v/v 
HNO3, 3 min; experiment 2 (UAE-M2): 3 % v/v HNO3, 3 min; experiment 3 (UAE-
M3): 10 % v/v HNO3 + 20 % v/v HCl, 15 min; experiment 4 (UAE-M4): 10 % v/v 
HNO3 + 10 % v/v HCl + 10 % v/v H2O2, 15 min; experiment 5 (UAE-M5): 10 % v/v 
HNO3 + 40 % v/v HCl, 15 min; experiment 6 (UAE-M6): 10 % v/v HNO3 + 40 % v/v 
H2O2, 15 min. Samples were sonicated at 60 % ultrasonic amplitude for the 
required time in each experiment. Then, the supernatant was separated from the 
solid phase by centrifugation for 2 min at 5000 rpm and only the supernatant was 
analyzed. After that, 10 µL of the supernatant were deposited on the quartz 
sample carrier and dried in a hot plate up to complete evaporation of the 
extractant solution. Blanks were treated in the same way. 
VI.3. Results and discussion 
VI.3.1. Preliminary experiments 
Firstly, several elements were tried as internal standard (IS), i. e., Ga, Ge, Rh, 
In and Tl at a concentration of 1 mg L-1. Ga was selected because of its low 
abundance in the samples and the good sensitivity provided by TXRF. Other ISs did 
not prove suitable for internal standardization because some bias was observed. 
Three different concentrations of Ga as internal standard were assayed i. e. 
0.01, 0.1 and 1 mg L-1. The experiments were carried out with NRCC TORT-2 CRM 
along with the UPSS procedure. Due to the wide concentration range of the 
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analytes present in the samples, a concentration of 1 mg L-1 of IS was finally 
selected. 
The effect of the measurement time was studied in the range 100-1000 s for 
UPSS and UAE with NRCC TORT-2 CRM. A measurement time of 500 s was chosen 
because non-significant differences in precision and accuracy were found between 
500 and 1000 s for the majority of the elements. Generally, a measurement time 
between 250 and 500 s has been used in most TXRF studies.  
The effect of particle size was also established for a mussel tissue sample 
(unknown) by applying the MASS, UPSS and UAE approaches. Particle size fractions 
of Ø < 50, 50< Ø<100, 100< Ø<200 and Ø > 200 µm (Ø = particle diameter) were 
attempted using 10 mg sample mass. 
An increase in particle size caused a remarkable decrease in the 
concentration found for P and Fe with all sample pre-treatment procedures 
(Figure. VI.1). In the case of P, concentrations for a particle size fraction of Ø < 50 
µm were 9.1 ± 0.2 mg g-1 (MASS), 10.4 ± 0.1 mg g-1 (UPSS) and 10.0 ± 0.4 mg g-1 
(UAE). However, the concentration was reduced to 8.5 ± 0.4 mg g-1 for 50 < Ø < 
100 µm by MASS, to 7.6 ± 0.1 mg g-1 for 100 < Ø < 200 µm by UPSS and to 8.1 ± 0.3 
mg g-1 for Ø > 200 µm by UAE. The concentration of Fe in the fraction with the 
lowest particle size were 132 ± 7 µg g-1 by MASS, 138 ± 15 µg g-1 by UPSS and 127 ± 
1 µg g-1 by UAE-M5. The decrease in Fe concentration found occurs from the 
particle size fraction of 100 < Ø < 200 µm. Generally, the found concentration for 
P, K, Ca, Fe, Zn and As remained almost constant when analyzing samples with 
particle size less than 100 µm. The optimal particle sizes reported in the literature 
for UAE used in combination with other detection techniques were less than 100 
µm [23, 24], less than 75 µm [25], or less than 60 µm [26]. For UPSS, a particle size 
less than 100 µm has been recommended [27]. 
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Figure VI.1. Optimization of the particle size (µm) for real mussel sample.  
-♦- Magnetic agitation slurry sampling (MASS), 1 % w/v TRITON X-100, 0.5 % v/v HNO3.  
-▲- Ultrasonic-probe slurry sampling (UPSS),  0.01 % w/v Triton X-100 and 3 % v/v HNO3. 
 -■- Ultrasound-assisted extraction UAE-M5 10 % v/v HNO3 + 40 % v/v HCl, 15 min. 10 mg 
of mass sample were used.  Error bars indicate the standard deviation of three 
independent sample preparations. 
 
VI.3.2. Assessment of the sample preparation procedures 
The three sample preparation procedures, i. e., MASS, UPSS and UAE were 
applied to a wide range of certified samples. The recoveries were calculated 
considering that the 100 % recovery is the certified, indicative or previously 
reported value [28]. In the case of MASS and UPSS, the concentration of nitric acid 
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was not optimized, while for UAE, six different extractants were studied. A lesser 
concentration of Triton X-100 was used for UPSS as compared to MASS in order to 
avoid foams in Eppendorff vials. 
VI.3.2.1. Assessment of MASS and UPSS 
Firstly, the slurry-based sample preparation procedures were evaluated. The 
main difference between both slurry procedures (i. e. MASS and UPSS) is the fact 
that ultrasonic-probe energy provokes a reduction of the particle size [29]; 
therefore, more homogeneous suspensions could be obtained. Besides, 3 % v/v 
HNO3 causes a partial release of the elements to the liquid medium in UPSS [30]. In 
the UPSS procedure, the slurry aliquot is withdrawn just after stopping sonication. 
On the other hand, in the case of MASS, the slurry aliquot is withdrawn while the 
sample is being stirred, thus minimizing sedimentation errors.  
In general, K, Ca, Cr, Fe, Mn, Cu, Zn, As, Se and Sr recoveries were in the 
range of 80-122 % with both procedures.  
For P and Ni, the recovery obtained by MASS (55 - 82 %) was always lower 
than that of UPSS (82 - 110 %). This finding could be ascribed to the fact that Ni 
could be more heavily bound to the matrix than the other elements. Ultrasonic 
treatment could bring elements partly into solution, thus achieving an improved 
recovery [30]. In the case of P, UPSS could provoke the solubility of phosphates 
because of the high temperatures and pressures reached in the cavitation 
microbubbles generated by ultrasound energy [31], and because of the increased 
HNO3 concentration used in UPSS as compared to MASS. 
VI.3.2.2. Assessment of UAE 
Different extractants and sonication times (i. e. 3 and 15 min) were evaluated 
for UAE. The simplest approach was the use of diluted HNO3 (M1 and M2): The 
extraction efficiency was modified by adding HCl to HNO3 (M3 and M5). HCl is 
known to enhance solubility of elements forming soluble chloro complexes. 
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Additionally, extractions with reagents of increased oxidation potential were made 
by adding H2O2 to HNO3 and HCl (M4 and M6). 
Until now, P extraction from biological samples has not been attempted, and 
there are a scarce number of papers related with the extraction of K, Ca, Fe, As and 
Sr.  
In Figure VI.2, the experiments of UAE for some elements are provided as an 
example. Cr and Ni have similar behaviour and extraction results for Mn are similar 
to those of Cu, Zn, K, Ca, Sr and As. P and Fe are also represented. 
As can be seen in Figure VI.2, extraction conditions corresponding to UAE-M5 
and UAE-M3 appeared to be the most appropriate (i. e., 10 % v/v HNO3 and 20 or 
40 % v/v HCl) for P, Cr and Fe.  
In the case of P, while UAE-M3 provides a 101 % recovery for DOLT-4 and 91 
% for DORM-2, UAE-M5 was required to reach a recovery of 96 % for TORT-2 and 
94 % for DOLT-3.  
Cr could be only quantified in CRM DORM-2 because of the low 
concentration present in the other samples. Results showed that UAE-M3 and 
UAE-M5 allow achieving a recovery of 87 and 109 %, respectively.  
Fe seems to be the most difficult element to extract. In general, a 
hydrochloric acid medium is appropriate for Fe extraction from all samples, but the 
mixture HNO3+H2O2 is not appropriate. Therefore, UAE-M4 (10 % v/v HNO3 + 10 % 
v/v HCl + 10 % v/v H2O2), UAE-M3 (10 % v/v HNO3 + 20 % v/v HCl) and UAE-M5 (10 
% v/v HNO3 + 40 % v/v HCl) are all suitable because of the formation of the Fe-
chloro complex, Fe2+ or 3+ + HCl  FeCl4 
2- or – (aq) [32]. The obtained recoveries 
ranged from 77 to 122 %. Diluted HNO3 has been reported to be suitable for Fe 
extraction from rat liver and raw meat [33, 34], and different mixtures such as 
HNO3+H2O2 [35] or HNO3+H2O2+HCl [36] have been used for seafood samples. 
Balarama and Arunachalamm [37], achieved only a 16 % extraction efficiency for 
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Fe from mussel tissue using 1 % v/v HNO3 and applying an ultrasonic probe for 4 
min. 
Extractant media including H2O2 seem to be the most appropriate for the 
extraction of Se. Thus, for TORT-2, a recovery of 91 % with UAE-M4 (10 % v/v H2O2) 
and UAE-M6 (40 % v/v H2O2) can be obtained. For DOLT-4, with UAE-M6, an 83 % 
recovery is observed. Recoveries lower than 80 % have been observed for the 
extraction of Se from the other CRMs. Interferences problems have been reported 
for the determination of Se by TXRF in the presence of high amounts of Fe (≈ 700 
mg L-1). Several strategies were developed to decrease matrix effects and improve 
LOD for Se determination [38].  
For Sr extraction, UAE-M5 provides a quantitative recovery (109 %). 
Recoveries in the range of 73-88 % have been found with the other extractant 
media. 
Regarding Mn, Cu, Zn, K and Ca, any of the studied media could be 
appropriate for their extraction. In the majority of the CRMs, recoveries were in 
the ranges 89-120 % for Mn, 85 -133 % for Cu, 90 - 136 % for Zn, 81 - 133 % for K 
and 82 -127 % for Ca.  
Any extractant is suitable for extraction of As from TORT-2, DOLT-3, and 
DORM-2, recoveries ranging from 85 to 120 %. However, in the case of DOLT-2, 
DOLT-4 and DORM-3, only UAE-M5 and UAE-M6 provided complete recoveries. 
Likewise, for Ni extraction from DORM-2, only UAE-M5 allows obtaining good 
recoveries. It has been reported that UAE of As and Ni with an ultrasonic probe can 
be achieved using 3 min of sonication along with 3 % v/v HNO3 as extractant [23]. 
 
 




Figure VI.2. Recovery results of different experiments using UAE for sample preparation. 
The numbers correspond to the experiments carried out: 1 (UAE-M1) 0.5 % v/v HNO3 for 3 
min; 2 (UAE-M2) 3 % v/v HNO3 for 3 min; 3 (UAE-M3) 10 % v/v HNO3 + 20 % v/v HCl, 15 
min; 4 (UAE-M4) 10 % v/v HNO3 + 10 % v/v HCl + 10 % v/v H2O2, 15 min; 5 (UAE-M5) 10 % 
v/v HNO3 + 40 % v/v HCl, 15 min; 6 (UAE-M6) 10 % v/v HNO3 + 40 % v/v H2O2, for 15 min. 
The black lines correspond to the certified values. Error bars indicate the standard 






To summarize, Table VI.2 shows the extractant media that allow a suitable 
extraction for the studied elements. In this table, an X letter means that a recovery 
in the range of 80 – 120 % has been reached for most CRMs. As can be seen, UAE-
M5 can be employed for the majority of elements. 
Table VI.2. Summary of the suitable extractant media for multielemental UAE from 
different matrices 
 Extractants media for UAE 
Element 1 2 3 4 5 6 
P   X  X  
K X X X X X  
Ca X X X  X  
Cr   X  X  
Mn X X X X X X 
Fe   X  X  
Ni   X  X  
Cu X X X X X X 
Zn X X X X X X 
As   X  X X 
Se    X  X 
Sr X X   X  
X means an extractant medium that provides a recovery typically in the range of 80-120 % 
for most CRMs. The used experiments for ultrasound-assisted extraction were: 1 (UAE-
M1) 0.5 % v/v HNO3 for 3 min; 2 (UAE-M2) 3 % v/v HNO3 for 3 min; 3 (UAE-M3) 10 % v/v 
HNO3 + 20 % v/v HCl, 15 min; 4 (UAE-M4) 10 % v/v HNO3 + 10 % v/v HCl + 10 % v/v H2O2, 
15 min; 5 (UAE-M5) 10 % v/v HNO3 + 40 % v/v HCl, 15 min; 6 (UAE-M6) 10 % v/v HNO3 + 
40 % v/v H2O2, for 15 min. 
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VI.3.3. Analytical characteristics 
As the elements are identified and quantified by means of their fluorescence 
peaks, the definition of the detection limits is based on a statistical inspection of 
the peak area and the subjacent spectral background. Thereby it is assumed that 
an element is considered to be detected if the peak area is three times larger as 
the counting statistics of the background. This procedure is also known as the 3-
sigma criterion.  
The limit of detection of the element i, was calculated as in the Equation (2). 
Where Ci is the concentration of the element i, Ni is the area of the fluorescence 
peak in counts and NBG is the background area subjacent the fluorescence peak. 
    
       
  
                      (2) 
The background depends on the sample preparation procedure. The lowest 
background was achieved with the UAE-M2 procedure in comparison with slurry 
sampling procedures. The main reason is that only the supernatant was deposited 
onto the sample carrier, i. e., the solid particles are not collected during sampling. 
MASS shows the highest background due to the fact that solid particles were 
deposited onto the sample carriers. UAE-M5 and M3 (i. e., the best extractants) 
show higher background than UAE-M2 as a result of the increased amount of co-
extracted matrix and probably because of the high amounts of chloride present. 
UAE-M5 and M3 show a background similar to that of UPSS.  
The limit of detection (LOD) in the original samples were calculated for 10 mg 
of the solid material extracted or suspended in 1 mL volume, and 10 µL were 
deposited onto the sample carriers. The results were calculated as an average of 
LODs corresponding to all CRMs. 
As can be seen in Table VI.3, the best LODs are achieved by using UAE-M2 
because it provides the lowest background. UAE-M2 provided improved detection 
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limits by a factor of 1.4 - 1.9 times as compared to those obtained with UAE-M5 
and UPSS. On the other hand, the MASS procedure provides the worst LODs. UPSS 
and UAE-M5 show similar LODs.  
 
Table VI.3. Limits of detection (µg g-1) obtained for the different sample preparation 
procedures 
 
LOD for the proposed procedures 
Element MASS UPSS UAE-M2 UAE-M5 
P 204 ± 44 187 ± 20 132 ± 20 243 ± 36 
K 24 ± 8 19 ± 2  13 ± 2  23 ± 3 
Ca 14 ± 3 12 ± 1 8 ± 1 14 ± 2 
Cr 3.9 4.3 2.2 3.7 
Mn 3.5 ± 0.8 2.9 ± 0.3 1.8 ± 0.4 3.1 ± 0.6 
Fe 3.5 ± 1.3 2.4 ± 0.2 1.5 ± 0.3 2.5 ± 0.5 
Ni 1.7 ± 0.9 1.7 ± 0.2 1.0 ± 0.2 1.6 ± 0.3 
Cu 1.8 ± 0.4 1.5 ± 0.2 0.9 ± 0.1 1.5 ± 0.2 
Zn 1.7 ± 0.3 1.3 ± 0.2 0.8 ±0.1 1.3 ± 0.2 
Ga 1.5 ± 0.3 1.2 ± 0.1 0.7 ± 0.1 1.2 ± 0.2 
As 1.3 ± 0.3 1.0 ± 0.1 0.6 ± 0.1 1.0 ±0.2 
Se 1.2 ± 0.3 0.9 ± 0.1 0.5 ± 0.1 0.9 ± 0.2 
Sr 1.4 ± 0.3 1.1 ± 0.1 0.7 ± 0.1 1.1 ± 0.2 
 
LOD means the limit of detection in µg g-1; LODs are expressed as average value ± 
standard deviation after measurement all the CRMs and taking into account the different 
background achieved for each one. 
MASS, Magnetic agitation slurry sampling. UPSS, Ultrasonic-probe slurry sampling. UAE-
M2, Ultrasound-assisted extraction (5 % v/v HNO3). UAE-M5, Ultrasound-assisted 
extraction (10 % v/v HNO3 + 40 % v/v HCl). 
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Precision was evaluated as repeatability and expressed as relative standard 
deviation (RSD) for three independent extractions or slurries. Average RSD values 
are below 8 % for UPSS, below 9 % for UAE and below 10 % for MASS.  
Accuracy was evaluated (Table VI.4) for the three proposed sample 
preparation procedures (MASS, UPSS and UAE-M5). A t-test was applied to 
evaluate the trueness of the different approaches. The condition texp < tcrit (p<0.05, 
N=3, tcrit=4.303) was fulfilled for the majority of elements, which means that no 
significant differences were found between the certified and the found value. The 
obtained recoveries and texp values are shown in Table VI.4. Overall, the three 
sample preparation procedures provided accurate results.  
Table VI.5 shows a comparison of the three sample preparation procedures 
tested. Ultrasound-based procedures, and particularly UAE, overcome MASS in 
several comparison criteria such as sample handling, contamination risks, 
feasibility of particle size disruption, background spectra, LOD and recovery for 
some elements such as P. When cavitation takes place (UPSS and UAE), ultrasound 
caused cell membrane disruption and solid particle size fragmentation. These 
processes improve element extraction to the liquid medium [29, 31, 39]. On the 
contrary, the difficulty of maintaining a homogenous slurry should be taken into 








Table VI.4. Certified values and found values by applying MASS, UPSS and UAE-M5 of the analyzed elements for animal tissues CRMs 
Element  
 
Certified Value  
  ± CI C (µg g-1) 
 
Found value  
MASS 
  ± CI (µg g-1) 
Recovery 
% (tcalc) 
 Found value  
UPSS 




Found value  
UAE-M5 
  ± CI (µg g-1) 
Recovery 
% (tcalc) 
NRCC TORT-2 (lobster hepatopancreas) 
P  10332 ± 249M  7420 ± 883 72 (14)   11354 ± 1177 110 (3.7)  9876 ± 2157 96 (0.9) 
K  8065 ± 121M  7931 ± 555 98 (1.0)  8039 ± 742 100 (0.1)  10759 ± 716 133 (16) 
Ca  3331 ± 241M  3413 ± 326 101 (0.2)  3054 ± 320 95 (0.2)  3962 ± 1400 119 (1.9) 
Mn  13.6 ± 1.2  12.4 ± 7.7 91 (0.7)  12.4 ± 4.2 91 (1.2)  16.3 ± 2.2 120 (5.2) 
Fe  105 ± 13  96.3 ± 17.4 92 (2.1)  101 ± 21 96 (0.8)  110 ± 11 105 (2.1) 
Cu  106 ± 10  112 ± 14.2 105 (1.7)  110 ± 6 103 (2.8)  131 ± 8 123 (13) 
Zn  180 ± 6  208 ± 1.2 116 (102)  199 ± 16 111 (5.1)  245 ± 12 136 (22) 
As  21.6 ± 1.8  24.7 ± 1.1 114 (11.5)  23.6 ± 0.8 109 (11.4)  27.6 ± 3.8 128 (6.8) 
Se  5.6 ± 0.7  5.0 ± 1.1 89 (2.5)  5.5 ± 1.0 97 (0.7)  4.1 ± 3.3 72 (2.0) 
Sr  45.2 ± 1.9  40.7 ± 9.2 90 (2.1)  35.6 ± 1.6 79 (26)  49.5 ± 13.6 109 (1.3) 
NRCC DOLT-2 (dogfish liver) 
P  **  7702 ± 968 -  9513 ± 2586 -  7446 ± 2956 - 
K  **  8160 ± 1234 -  7328 ± 2183 -  6968 ± 2304 - 
Ca  **  544 ± 189 -  501 ± 176 -  461 ± 5 - 
Cr  0.37 ± 0.08  - -  - -  - - 
Fe  1103 ± 44.1  1101 ± 69 100 (0.3)  1109 ± 327 100 (0.1)  1161 ± 74 105 (3.3) 
Cu  25.8 ± 1.03  23.5 ± 4.0 91 (2.4)  26.9 ± 3.6 105 (1.4)  30.9 ± 4.6 119 (4.8) 
Zn  85.8 ± 2.57  95.6 ± 21.5 111 (1.9)  88 ± 17 103 (6.2)  113 ± 12 133 (9.3) 
As  16.6 ± 1.2  16.9 ± 4.5 102 (0.3)  15.8 ± 4.9 95 (0.7)  13.3 ± 2.0 80 (7.1) 
Se  6.1 ± 0.5  6.0 ± 4.4 100 (0.0)  5.3 ± 1.2 87 (2.8)  4.49 ± 1.15 74 (5.8) 
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Continuation Table VI.4. 
Element  
 
Certified Value  
  ± CI C (µg g-1) 
 
Found value  
MASS 
  ± CI (µg g-1) 
Recovery 
% (tcalc) 
 Found value  
UPSS 




Found value  
UAE-M5 
  ± CI (µg g-1) 
Recovery 
% (tcalc) 
NRCC DOLT-3 (dogfish liver) 
P  13500 ± 250M  11109 ± 5017 82 (2.0)  11785 ± 3201 87 (2.3)  12734 ± 4518 94 (0.7) 
K  10002 ± 261M  9566 ± 2893 96 (0.6)  9194 ± 1880 92 (1.8)  10789 ± 2863 108 (1.2) 
Ca  567 ± 29M  460 ± 130 81 (3.5)  463 ± 185 82 (2.4)  503 ± 262 89 (1.0) 
Fe  1484 ± 57  1609 ± 330 108 (1.6)  1461 ± 391 98 (0.2)  1721 ± 605 116 (1.7) 
Cu  31.2 ± 1.0  31.3 ± 13.6 100 (0.1)  31.4 ± 8.1 101 (0.1)  36.6 ± 8.6 117 (2.7) 
Zn  86.6 ± 2.4  95.4 ± 15.7 110 (2.4)  91.5 ± 15.1 106 (1.4)  98.6 ± 8.2 113 (6.3) 
As  10.2 ± 0.5  11.2 ± 2.1 110 (1.9)  10.1 ± 2.2 99 (0.3)  9.8 ± 2.3 96 (0.7) 
Se  7.1 ±0.5  6.4 ± 2.7 91 (1.0)  7.2 ± 1.4 102 (0.6)  4.24 ± 2.37 60 (5.1) 
NRCC DOLT-4 (dogfish liver) 
P  **  11126 ± 2839 -  12156±1820 -  14717 ± 4263 - 
K  9800*  8818 ± 1595 90 (2.6)  8366±1447 85 (4.2)  10526 ± 4539 107 (0.7) 
Ca  680*  516 ± 111 76 (6.3)  552±145 81 (3.8)  644 ± 113 95 (1.3) 
Mn  **  18.0 ± 4.4 -  18.4±1.9 -  19.2 ± 2.3 - 
Fe  1833 ± 75  1908 ± 368 104 (0.9)  1883±314 103 (0.7)  2092 ± 355 114 (3.1) 
Cu  31.2 ± 1.1  35.7 ± 5.8 114 (3.3)  31.9 ± 4.8 102 (0.6)  36 ± 11 117 (1.9) 
Zn  116 ± 6  125 ± 31 108 (1.2)  130 ± 24 112 (2.5)  149 ± 35 128 (4.0) 
As  9.7 ± 0.6  9.3 ± 1.5 96 (1.1)  9.3 ± 4.5 96 (0.4)  9.8 ± 1.6 101 (0.3) 










Certified Value  
  ± CI C (µg g-1) 
 
Found value  
MASS 
  ± CI (µg g-1) 
Recovery 
% (tcalc) 
 Found value  
UPSS 




Found value  
UAE-M5 
  ± CI (µg g-1) 
Recovery 
% (tcalc) 
NRCC DORM-2 (dogfish muscle) 
P  10112 ± 228M  5729 ± 2406 57 (7.8)  8484 ± 657 84 (11)  9300 ± 1522 92 (2.3) 
K  14425 ± 287M  12588 ± 2217 87 (3.6)  12401 ± 432 86 (20)  14881 ± 1493 103 (1.3) 
Ca  485 ± 43M  363 ±107 75 (4.9)  306 ± 11 63 (78)  398 ± 24 82 (15) 
Cr  34.7 ± 5.5  33.3± 19.9 96 (0.3)  28.9 ± 25 83 (1.0)  37.95 ± 7.21 109 (1.9) 
Fe  142 ± 10  96 ± 76 67 (3.0)  122 ± 22 86 (3.8)  161 ± 48 113 (1.7) 
Ni  19.4 ± 3.1  12 ± 9   15.9 ± 5.2 82 (2.9)  20.8 ± 7.8 107 (0.8) 
Zn  25.6 ± 2.3  23.2 ± 6.2 91 (1.6)  24.1 ± 1.5 94 (4.5)  27.9 ± 4.7 109 (2.1) 
As  18 ± 1  22.2 ± 5.6 122 (0.9)  20.4 ± 1.2 113 (8.6)  21.3 ± 2.3 118 (5.9) 
Se  1.4 ± 0.1  - -  - -  0.94 ± 0.56 67 (3.3) 
NRCC DORM-3 (fish protein) 
P  **  5716 ± 450 -  7359 ± 267 -  9209 ± 494 - 
K  **  11502 ± 1449   11453 ± 932 -  15115 ± 815 - 
Ca  **  1909 ± 309 -  1968 ± 568 -  2498 ± 472 - 
Fe  347 ± 20  351 ± 53 101 (0.3)  376 ± 87 108 (1.8)  426 ± 155 123 (2.2) 
Cu  15.5 ± 0.6  17.2 ± 5.8 111 (1.2)  15.3 ± 4.6 99 (0.1)  25.4 ± 2.5 164 (17) 
Zn  51.3 ± 3.1  53.7 ± 10.6 105 (1.0)  54.5 ± 13.4 106 (1.0)  75 ± 11 146 (9.0) 
As  6.9 ± 0.3  7.0 ± 0.7 102 (0.9)  7.3 ± 2.6 105 (0.7)  7.54 ± 0.14 110 (19) 
Se  3.3*  2.7 ± 0.9 81 (3.0)  3.6 ± 0.8 110 (1.7)  1.45 ± 1.24 44 (6.4) 
 
 
Multielemental| MASS, UPSS, UAE-TXRF|Biological samples (animal tissue) 
226 




Certified Value  
  ± CI C (µg g-1) 
 
Found value  
MASS 
  ± CI (µg g-1) 
Recovery 
% (tcalc) 
 Found value  
UPSS 




Found value  
UAE-M5 
  ± CI (µg g-1) 
Recovery 
% (tcalc) 
BCR CRM 185R (bovine liver) 
P  13020 ± 368M  7171 ± 132 55 (190)  12559 ± 267 96 (0.5)  9871 ± 1078 76 (12) 
K  11285 ± 366M  9337 ± 372 83 (22)  9270 ± 1990 82 (4.3)  10848 ± 1574 96 (1.2) 
Ca  143 ± 9M  90 ± 41 63 (5.5)  101 ± 8.4 70 (21)  123 ± 74 87 (1.1) 
Mn  11.1 ± 0.3  10.3 ± 1.2 93 (2.7)  10.2 ± 3.2 92 (1.2)  11.6 ± 1.0 104 (2.1) 
Fe  179 ± 6M  148 ± 61 83 (2.2)  173 ± 93 97 (0.3)  194 ± 38 108 (1.7) 
Cu  277 ± 5  262 ± 46 94 (1.4)  271 ± 61 98 (0.4)  298 ± 40 108 (2.3) 
Zn  138.6 ± 2.1  139 ± 2 100 (0.2)  136 ± 25 98 (0.3)  155 ± 60 112 (1.2) 
 
  ±CI is average value ± confidence interval (       ) (p<0.05, N=3, tcrit=4.303). 
*Indicative value. **Non certified value.  
C Certified values and their uncertainties are reported in the certificate. The uncertainties represent 95 % confidence limits. 




Table VI.5. Comparison of the main characteristics of the applied sample preparation 
procedures for multielemental determination by TXRF 
Figures of merit MASS UPSS UAE-M2 UAE-M5 
Sample handling +/- - + + 
Availability in labs + - - - 
Risks of contamination - - + + 
Low acid concentration + + + - 
Particle disruption - + + + 
Background - + + +/- 
LOD - + + + 
Accuracy +/- + + + 
Precision +/- +/- +/- +/- 
 
Estimated scores of the methodologies: (+) good, (-) poor and (+/-) moderate. 
VI.3.4. Application to real samples 
In recent years, the importance of seafood in a healthy diet has led to a 
remarkable promotion of its consumption. Determination of elements such as, P, 
K, Ca, Cr, Mn, Cu, Zn, As, Se, Fe is of paramount importance since they can be 
essential (e. g. P takes part of the DNA, RNA, bones and teeth) or toxic to humans 
[40,41]. Essential elements can also become toxic from a certain concentration. 
The three approaches tried for sample preparation, i. e. MASS, UPSS and UAE 
were compared for the multielemental analysis of unknown animal tissue samples 
(hake, prawn and mussel) (Table VI.6). No significant differences at 95 % 
confidence level have been found in the case of real samples when the Kruskal-
Wallis test was applied.  
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Element contents of animal tissue investigated were similar to those reported 
elsewhere [42,43]. The concentrations referred to dry weight changed in the range 
of 0.5 - 11 mg g-1 for P, K and Ca, 12 - 176 µg g-1 for Fe and Zn and 4.7 - 30 µg g-1 for 
Cu, Mn and As. The highest concentration of Fe and Zn was observed in mussel 
tissue (i. e., 115 and 170 µg g-1, respectively), while for As the highest 
concentrations was measured in prawn, 57 µg g-1. 
VI.4. Conclusions 
Although similar accuracy and precision is reached for most elements with 
the three sample pre-treatment approaches tried, some differences arise. 
Advantages of ultrasound-based procedures (i. e., UPSS and UAE) vs. MASS 
are the following: (i) smaller particles are deposited onto the sample carrier as a 
result of the disruption capability of ultrasound energy; (ii) partial or total 
extraction of the elements occurs, which results in increased representativeness of 
the deposited sample mass; (iii) increased recovery for some elements such as P is 
obtained.  
On the other hand, UAE using only nitric acid (i. e., UAE-M2) showed the 
lowest background, and as a consequence, the best detection limits. However, not 
all elements are efficiently extracted with this medium (only Mn, Cu, Zn, K, Ca and 
Sr). UAE-M2 is most suited for elements that appear at low concentration. 
Extractants containing HCl such as the UAE-M5 medium (10 % v/v HNO3 + 40 % v/v 
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VII. Fast method for multielemental analysis of plants and 
discrimination according to the anatomical part by Total 
Reflection X-Ray Fluorescence Spectrometry 
VII.1. Introduction 
umankind uses herbs and spices from ancient times to season food and 
even as medicinal plants. The most popular infusion around the world 
seems to be the tea [1], which has a wide variety of medicinal uses [2]. Moreover, 
medicinal and aromatic plants are used in pharmacy, cosmetology, perfumes and 
the food industry [3].  
It is of general concern to know the mineral/elemental composition in plants 
of common consumption, for instance spices and infusions. Essential elements 
such as Mn, Fe, Cu, Zn, Ni, Cr (minor and trace elements) and P, K, Ca (major 
elements) are usually sought. They are required for the normal plant growing, 
however, a high-concentration intake can also be toxic. Conversely, non-essential 
elements such as Pb are toxic even at very low concentrations [4].  
The determination of the elemental composition [5], amino acid contents [6] 
and volatile components [7] has allowed the differentiation of tea varieties. Plant 
classification has been reported in accordance with the region of origin [8], 
belonging to different plant families [9, 10], different variety of the same plant [5] 
and the anatomical part of medicinal herbal raw materials [9, 11]. Also, the 
distribution and accumulation of certain elements in different parts of the same 
plant has been determined in several species [12, 13]. 
In the case of the discrimination on the basis of the anatomical part of the 
medicinal plant (flower, leaves, fruits, herbs, barks and roots), both heavy metal 
(Zn, Cu, Pb and Cd) [9] and non-metal content (N, P, S, Cl, I, B) [11] are useful for 
H  
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this purpose. This differentiation is important because the specific part of a 
medicinal plant is used for therapeutic (it contains the active principle) or culinary 
purposes. In the same way, different parts of the same plant provide diverse 
benefits [14]. 
Due to the fact that, the elemental composition affects the 
pharmacotherapeutic properties of medicinal preparations obtained from plants 
[9], quality control is required [15]. The main goal of the quality control is to 
ensure the identity, purity and content guaranteeing the safe consumption of a 
product, avoiding the presence of heavy metals, agrochemicals or microbial 
contaminants in the samples [15, 16]. 
In general, multielemental analysis of plants and spices has been carried out 
following sample preparation procedures such as dry ashing [17, 18], wet digestion 
[18, 19], microwave-assisted digestion (MAD) [18, 20], ultrasonic-slurry sampling 
[21] and direct solid sampling [19]. The analytical techniques mostly employed for 
this purpose are inductively-coupled plasma mass spectrometry (ICP-MS) [22], 
electrothermal-atomic absorption spectrometry (ETAAS) [21], X-ray fluorescence 
spectrometry (XRF) [19] and total-reflection X-ray fluorescence spectrometry 
(TXRF) [17, 19]. 
Nowadays, there is an increasing demand for multielemental determinations 
in plants is clear, particularly on a routine basis. In addition, concern for the green 
aspects of the analytical methodology, i. e. the use of low mass sample, low 
quantity of reagents, rapidity and security of the procedure [23] has arisen when 
developing new methods.  
In this sense, acid digestion for sample preparation of plants suffers from 
some drawbacks such as long procedures, use of large amounts of the target 
sample (0.1 - 0.5 g), high temperatures and pressures, use of concentrated acids, 
risk of cross contamination, risks for the operator, they are usually recommended 
in order to minimize the organic residues in sample solution [24]. Moreover, a 
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rapid multielemental determination technique should be desirable, due to the high 
amount of samples to be analyzed. Total reflection X-ray fluorescence 
spectrometry (TXRF) seems to be adequate for that purpose [25]. TXRF is a 
modification of the conventional X-ray fluorescence (XRF) that mainly differ in the 
geometry, i. e., the incidence angle and the reflected angle are approximately 
45⁰/45⁰ in XRF and 0⁰/90⁰ in TXRF [26]. The advantages of TXRF over XRF include 
the very high sensitivity, the small sample mass required (instead of 1 g) and the 
non-use of binders (boric acid) in order to form the pellets [27].  
Ultrasound-assisted extraction (UAE) can be used for pre-treatment of plant 
samples prior to analyais by a variety of spectrometric techniques [28]. 
Nevertheless, an UAE methodology with diluted acids including HF in conjuction 
with TXRF has still to be developed.  
The aim of this work is to develop a fast and reliable method for fast 
multielemental analysis of plant tissue based on ultrasound-assisted extraction in 
combination with TXRF. Application of the proposed analytical approach to 
unknown seasoning, aromatic and medicinal plants is discussed. Since different 
parts of plants may have different properties, unambiguous identification of the 
commercial plant preparation is required for quality control. Linear discriminant 
analysis was applied to discern the anatomical part of the different commercial 
plant preparations (i. e., flower, leaf, and fruit) available for consumers, thus 
helping fraud identification.  
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VII.2. Experimental 
VII.2.1. Reagents and standards 
Ultrapure water was obtained from a PETLAB ultrapure water production 
system (Peter Taboada, Vigo, Spain). All used reagents were of analytical grade. 
69 % m/v nitric acid (Prolabo, Leicestershire, England), 37 % m/v hydrochloric 
acid (Prolabo), 30 % m/v hydrogen peroxide (Merck, Darmstadt, Germany) and 40 
% m/v hydrofluoric acid (Merck) were used for extraction. RBS® 50 solution 
(Sigma-Aldrich, Steinheim, Germany) and nitric acid were used for washing the 
sample carriers. 
Different multielemental and single element standard solutions were 
employed for calibration purposes. ICP Multi Element Standard Certipur® VI 
(Merck) containing 10 mg L−1 of Ag, Al, Ba, Bi, Cd, Co, Cr, Cu, Ga, K, Li, Mg, Mn, Mo, 
Na, Ni, Pb, Rb, Sr, Te, Tl, U, V; 100 mg L−1 of As, B, Be, Fe, Se, Zn and 1000 mg L-1 for 
Ca and 1000 mg L-1 of P (Sigma Aldrich) were used. A 1000 mg L-1 Ga standard 
(Sigma-Aldrich, Steinheim, Germany) was used for internal standardization 
(Merck). 
Silicone solution in isopropanol (Serva, Heidelberg, Germany) was used to 
obtain a hydrophobic surface on the quartz sample carriers so as to facilitate 
sample deposition. 
VII.2.2. Instrumentation 
Determinations were carried out by means of a Bruker S2 Picofox portable 
TXRF spectrometer (Bruker AXS Microanalysis GmbH, Berlin, Germany). The 
spectrometer was equipped with a Mo tube (1000 µA, 50 kV, 50 W), a multilayer 
monochromator, a silicon-drift detector with an active area of 10 mm2 and Spectra 
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6.1 software (Bruker AXS Microanalysis GmbH). The resolution of the detector was 
better than 160 eV at 10 kcps (Mn Kα). 
A cup-horn sonoreactor UTR 200® (dr. Hielscher Company, Teltow, Germany) 
with 200 W of maximum output power and 24 ± 1 kHz of operating frequency was 
employed for UAE. 
A Telstar Model Cryodos-50 Lyophilizer (Tarrasa, Spain) and a Retsch micro-
mill model MM 2000 equipped with agate balls were used for lyophilizing and 
grinding the plant samples, respectively. A sieve made of nylon with mesh sizes 
less than 50 µm was used. 
A Scaltec balance (Göettingen, Germany) was used for weighing samples. A 
Denver microcentrifuge (Norfolk, United Kingdom) was used for rapid separation 
of liquid and solid phases after UAE.  
A laminar flow hood (Telstar, micro-H, Tarrasa, Spain) was employed for air 
drying of the diluted-HF drops deposited in acrylic glass sample carriers. 
IBM SPSS 19.0 software for Windows was used for statistical data analyses. 
VII.2.3. Samples 
Different certified reference materials (CRMs) were employed for 
experimental purposes. The plant tissues analyzed were BCR CRM 60 
(lagarosiphon major, aquatic plant), BCR CRM 61 (platihypnidium riparoides, 
aquatic plant), BCR CRM 482 (pseudavernia furfuracea, lichen), BCR CRM 279 (ulva 
lactuca, sea lettuce) purchased from the Community Bureau of Reference 
(Brussels, Belgium) and GBW 07605 (GSV-4 tea leaves) from the National Research 
Center for Certified Reference Materials (China). Certificates ensured a particle size 
less than 125 µm for BCR 60, BCR 61 and BCR 482, and in the range 90-200 µm for 
BCR 279. No information about the particle size was available for GBW 07605. 
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CRMs were used as received and no additional grinding was performed. Powdered 
samples were stored at 4 °C. 
A set of 19 real samples was analyzed, namely, black tea (leaves, Camellia 
sinensis), green tea (leaves, Camellia sinensis), red tea (leaves, Camellia sinensis), 
camomile (flowers, Chamaemelum nobile), lime blossom (leaves, Tilia americana), 
mint (leaves, Mentha piperita), mate (leaves, Ilex paraguayensis), rosemary 
(leaves, Rosmarinus officinalis), sage (leaves, Salvia officinalis), thyme (leaves, 
Thymus vulgaris), basil (leaves, Ocimum basilicum), birch (leaves, Betula alba), 
cinnamon (leaves, Cinnamomum zeylanicum), black pepper (fruit, Piper nigrum), 
white pepper (fruit, Piper nigrum), hot paprika (fruit, Piper capsicum), sweet 
paprika (fruit, Piper officinalis), oregano (leaves, Origanium majorana) and acacia  
(leaves, Acacia dealbata). 
Once in the lab, the acacia sample was homogenized and lyophilized. The 
remained samples had already been dried commercially. All unknown samples 
were ground for 5 min and sieved through a mesh size of 50 µm. Powdered 
samples were stored in polyethylene tubes at 4 °C until analysis.  
VII.2.4. Procedure 
A portion of sample (about 10 mg) was weighed into an Eppendorf vial, and 
then 1 mL of extractant solution containing 1 mg L-1 of Ga was added. Eight 
extractant media were tried to achieve quantitative multielemental extractions 
from different plant matrices. The vials containing the sample and the extractant 
mixtures were sonicated using the cup-horn sonoreactor at 60 % amplitude and 
for different sonication times. The experiments performed with different 
extractants and sonication times were summarized in Table VII.1. HNO3, and H2O2 
were employed in order to oxidize the organic matter present, HCl in order to 
complex possible metals, and HF was added due to the high amount of silicon that 
could occur in plants, up to 10 % [27]. 
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Table VII.1. Conditions employed in the optimization experiments 
Experiment Code Extractant composition Sonication time 
1 UAE-M1 0.5 % v/v HNO3 3 min 
2 UAE-M2 3 % v/v HNO3 3 min 
3 UAE-M3 10 % v/v HNO3 + 20 % v/v HCl 15 min 
4 UAE-M4 10 % v/v HNO3 + 10 % v/v HCl + 10 % v/v H2O2 15 min 
5 UAE-M5 10 % v/v HNO3 + 40 % v/v HCl 15 min 
6 UAE-M6 10 % v/v HNO3 + 40 % v/v H2O2 15 min 
7 UAE-M7 10 % v/v HNO3 + 10 % v/v HCl + 10 % v/v HF 15 min 
8 UAE-M8 10 % v/v HNO3 + 20 % v/v HCl + 20 % v/v HF 15 min 
 
Then, the supernatant liquid was separated from the solid phase by 
centrifugation for 2 min at 5000 rpm. For TXRF measurements, 10 µL of the 
supernatant were deposited onto the quartz sample carrier and dried in a hot 
plate up to complete evaporation of the extracts.  Blanks were treated in the same 
way.  When the extraction media contained hydrofluoric acid, acrylic glass sample 
carriers were used. The carriers with the extract were air-dried in a laminar flow 
box to avoid contamination risks. 
VII.2.5. Operating conditions 
Instrumental parameters were tested prior to analysis: gain correction was 
checked daily and spectroscopic resolution, sensitivity and accuracy were 
evaluated monthly following the manufacturer´s recommendation. Gain correction 
involves the fine adjustment of the spectroscopic amplification using 1 µg of As for 
60 s of integration time. Sensitivity is determined by the measurement of 1 ng of 
Ni for 1000 s, in which fluorescence intensity standardized on mass, time and tube 
current is detected by the instrument.  
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Accuracy was tested by using an aqueous multielemental standard containing 
100 mg L-1 of Ca, 10 mg L-1 of Fe, Zn, As, Se, 1 mg L-1 of Cr, Mn, Ni, Cu, Sr, Pb and 1 
mg L-1 of Ga as internal standard. A volume of 10 µL was pippeted onto the quartz 
sample carrier and dried in a hot plate after vaporization of the solvent prior to 
TXRF measurements. Three replicates were made. Element recoveries obtained 
ranged from 89 to 119 %. The precision, expressed as relative standard deviation 
(RSD), obtained for the Merck VI ranged from 0.4 to 1.8 %. 
For all measurements, the Mo Kα line (17.5 keV) radiation was selected for 
excitation and a time of 500 s was used for integration. For the majority of the 
analytes the Kα1 and Kα2 fluorescence lines were selected, with the exception of 
Pb, for which the Lα1 line was chosen. 
VII.3. Results and discussion 
VII.3.1. Assessment of the UAE procedure 
UAE was evaluated using five CRMs of plant tissues. For that purpose, eight 
different experiments were assessed: HNO3 alone and different mixtures, i. e. 
HNO3+HCl HNO3+H2O2, HNO3+HCl+H2O2, HNO3+HCl+HF+ for the extraction of P, K, 
Ca, Cr, Mn, Fe, Ni, Cu, Zn and Pb from the CRMs. The results are shown in Figure 
VII.1.  
UAE of P from biological samples has not been studied until now. The use of 
diluted HNO3 or HNO3+HCl (UAE-M1, M2 and M3) turns out to be insufficient for 
the P extraction from most of the analyzed samples. However, the addition of 
diluted HNO3+H2O2 improves the P extraction, providing recoveries in the range of 




The extractant media do not seem to affect the extraction of K and Ca. In 
fact, quantitative recoveries using different media such as 1 % v/v HNO3 [29] or 
HCl:CH3COOH (1:1) [30] have been reported. In our work, recoveries were in the 
range 80-115 % for K and 80-95 % for Ca. Exceptions were K from BCR 60 in which 
the recovery was quite high, and K and Ca from BCR 279 and BCR 482 in which low 
recoveries (between 70-80 %) were obtained. 
The results obtained for Cr extraction are completely different. UAE-M1, M2, 
M3, M4, M5 and M6 did not prove adequate for Cr extraction from both aquatic 
plants, i. e. BCR 60 and BCR 61. However, recoveries ranged from 97 to 113 % by 
using UAE-M7 for BCR 279, BCR 60 and BCR 61, in which HF was required in 
combination with HNO3 and HCl to decompose the silicate matrix.  
For Mn, recoveries were not significantly affected by the extractant 
conditions, with the exception of BCR 482, in which only UAE-M7 allows obtaining 
a recovery of 95 %. The recoveries of Mn were in the range of 93-114 % for the 
rest of samples. Inefficient extraction (i. e., recoveries in the range 37-39 %) were 
found in the literature for Mn from bean seeds by using HCl:CH3COOH (1:1) as 
extractant media [30]. 
Fe extraction appears to be troublesome, incomplete recoveries being 
reported in literature by using a mixture of diluted HNO3 and HCl [29] and 
HCl:CH3COOH (1:1) [30]. However, high concentrations of HCl (6 M) used as 
extractant provided quantitative recoveries of Fe (97-103 %) for seaweed samples 
[31, 32]. Among the reagents used in the present work, HCl showed an enhanced 
performance for Fe extraction. In the presence of the complexing anion (Cl-), Fe (II) 
and Fe (III) species could form the aqueous anions FeCl4
-2 and FeCl4
-, respectively. 
In spite of that, HCl was not enough for total Fe extraction and therefore, UAE-M7 
and M8 (both containing HNO3+HCl+HF) were tried. The recoveries achieved 
generally ranged from 80 to 97 %. This means that part of the Fe was likely linked 
to the silica fraction. 
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Regarding Ni extraction, all extractant media provided good recoveries for 
GBW 07605. For the rest of the samples, UAE-M7 and M8 were suitable, providing 
Ni recoveries in the range of 82-119 %. 
Recent publications have reported recoveries about 80 % for Cu from plants 
using diluted HNO3 as extractant [33]. Since HNO3 is not sufficient itself to achieve 
total Cu extraction, a mixture of reagents has been tried. In general, Cu recoveries 
were in the range 85-112 % with UAE-M3, M4, M5, M6, M7 and M8. 
Complete Zn extractions can be achieved with the majority of extractants 
(81-119 %) and even with soft media and short sonication times, i. e. diluted HNO3 
and 3 min, respectively (UAE-M1, M2). Likewise, total extraction was reported for 
Zn from plants with very diluted HNO3 and applying ultrasound for 3 min [34] or 10 
min [35] with an ultrasonic probe and bath, respectively. 
In the case of Pb, UAE-M2 was enough to achieve efficient extractions for 
BCR 61 and GBW 07605. It means that Pb is softly bound to the matrix. However, 
for BCR 60 and BCR 482 it was necessary the addition of H2O2 40 % v/v (UAE-M6) 
to achieve quantitative extractions (99 and 88 %). The Pb extraction from CRM 279 
was incomplete under the UAE conditions attempted.  
To sum up, extractant media involving the use of HF (UAE-M7 or UAE-M8) 
should be applied, due to the fact that some elements are associated with the 
silica matrix. Finally, UAE-M7 was selected because it involves lower acid 
concentrations than UAE-M8.  
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Figure VII.1. Recoveries obtained after UAE with different extractants in certified 
reference materials (plant tissue).The numbers correspond to the experiments carried out: 
1 (UAE-M1) 0.5 % v/v HNO3 for 3 min of sonication; 2 (UAE-M2) 3 % v/v HNO3 for 3 min 
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sonication; 3 (UAE-M3) 10 % v/v HNO3 + 20 % v/v HCl, 15 min of sonication; 4 (UAE-M4) 
10 % v/v HNO3 + 10 % v/v HCl + 10 % v/v H2O2, 15 min of sonication ; 5 (UAE-M5) 10 % v/v 
HNO3 + 40 % v/v HCl, 15 min of sonication ; 6 (UAE-M6) 10 % v/v HNO3 + 40 % v/v H2O2, 
for 15 min of sonication; 7 (UAE-M7) 10 % v/v HNO3 + 10 % v/v HCl + 10 % v/v HF, 15 min 
of sonication; 8 (UAE-M8) 10 % v/v HNO3 + 20 % v/v HCl + 20 % v/v HF, 15 min of 
sonication. The black lines correspond to the certifid values. Error bars indicate the 
standard deviation of three independent sample preparations. 
II.4. Analytical characteristics 
The multielemental quantification in extracts of the samples was carried out 
by adding an internal standard, Ga at 1 mg L-1 concentration. Therefore, it is 
assumed that an element can be detected if the peak area is three times larger 
than the counting statistics of the background (3-sigma criterion). 
The limit of detection of an element i (LODi), was calculated following the 
Equation (1), where Ci is the concentration of the element i, Ni is the area of the 
fluorescence peak in counts and NBG is the background area subjacent the 
fluorescence peak. 
    
       
  
                      (1) 
 
The methodological detection limits were calculated considering 10 mg of the 
solid material extracted in 1 mL and the 10 µL deposited onto the sample carriers. 
The highest background, and as a consequence, the worst detection limits 
were obtained with the UAE-M7 because of both the use of acrylic glass sample 
carriers and co-extracted matter with increasing stringent extraction conditions. 
UAE-M2 provided improved detection limits, by a factor of 1.5 - 3 times, as 
compared with those obtained with UAE-M7.  The LODs achieved using the UAE 
M-7 (expressed in µg g-1) were 443 for P, 49 for K, 34 for Ca, 13 for Cr, 9.7 for Mn, 
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7.4 for Fe, 4.9 for Ni, 4.2 for Cu, 3.7 for Zn, 3.2 for Ga and 2.9 for Pb. Although not 
all elements are efficiently extracted with UAE-M2 (only K, Ca, Mn, Zn and Pb) and 
UAE-M5 (only P, K, Ca, Mn, Ni, Cu, Zn and Pb), they could be employed if elements 
are to be determined at low level due to their improved detection limit as 
compared with UAE-M7. 
Precision was evaluated as repeatability and expressed as relative standard 
deviation (RSD) for three independent extractions. In general, RSDs were below 9 
%. 
Accuracy was evaluated for the proposed sample preparation procedure 
(UAE-M7) for plant tissues (Table VII.2). A t-test was applied to establish the 
trueness of the results. In the case of UAE, the selected experiment is shown in this 
table. The condition texp < tcrit (p<0.05, N=3) was fulfilled for the majority of the 
elements, which means that no significant differences were found between the 
certified value and the experimental value.  
Table VII.3 shows other methods for the multielemental determination in 
plants, spices and lichen. Regarding the time of analysis, the employed volume of 
reagents and the amount of required sample, UAE is a rapid sample preparation 
procedure in contrast to MAD and dry ashing since 15 min (extraction) + 2 min 
(centrifugation) is enough for the multielemental analysis of 6 samples. Although, 
ultrasonic-slurry sampling is faster than UAE, one sample should be treated 
independently and more parameters such as slurry stabilization and sedimentation 
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Table VII. 2. Results obtained using UAE-M7 as sample sample preparation procedure for 
analysis of plant CRMs 
Element  Certified Value   ± CI (µg g-1)  Found value   ± CI (µg g-1)  Recovery  % (tcalc) 
BCR 60 (aquatic plant) 
P  5149*  4705 ± 1818  91 (1.0) 
K  11372*  19935 ± 6426  175 (5.7) 
Ca  32654*  28585 ±5753  87 (3.0) 
Cr  26*  29 ± 14  111 (0.9) 
Mn  1759 ± 51  1787 ± 280  102 (0.4) 
Fe  2378*  1902 ± 497  80 (4.1) 
Ni  40*  39 ± 19  99 (0.1) 
Cu  51.2 ± 1.9  43 ± 14  85 (2.4) 
Zn  313 ± 8  340 ±32  108 (3.6) 
Pb  63.8 ± 3.2  48 ± 15  76 (4.5) 
BCR 61 (aquatic plant) 
P  9207*  10106 ± 1790  109 (2.2) 
K  12452*  15075 ± 1342  121 (8.4) 
Ca  17873*  16901 ± 2406  95 (1.7) 
Cr  532*  515 ± 56  97 (1.3) 
Mn  3771 ± 78  4162 ± 517  110 (3.2) 
Fe  9302*  8642 ± 1759  93 (1.6) 
Ni  420*  499 ± 103  119 (3.3) 
Cu  720 ± 31  730 ± 80  101 (0.5) 
Zn  566 ± 13  655 ± 63  116 (6.1) 
Pb  64.4 ± 13  52 ± 5  81 (10) 
BCR 279 (sea lettuce) 
P  1800*  2235 ± 457  124 (0.1) 
K  13000*  12783 ± 406  98 (2.2) 
Ca  27000*  20088 ± 6304  74 (4.7) 
Cr  10.7*  12.1 ± 2.8  113 (2.2) 
Mn  2090*  2055 ± 62  98 (2.4) 
Fe  2400*  2173 ± 162  91 (6.0) 
Ni  15.9*  13.4 ± 4.2  84 (2.5) 
Cu  13.14 ± 0.37  13 ± 2  102 (0.5) 
Zn  51.3 ± 1.2  47 ± 21  92 (0.8) 
Pb  13.48 ± 0.36  7.3 ± 4.9  54 (5.4) 
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Continuation Table VII. 2. 
 
Element  Certified Value   ± CI (µg g-1)  Found value   ± CI (µg g-1)  Recovery  % (tcalc) 
CRM 482 (lichen) 
P  690*  488 ± 67  70 (12) 
K  3900*  3214 ± 966  82 (3.0) 
Ca  2624*  1740 ± 549  66 (6.9) 
Cr  4.12 ± 0.15  <LOD  - 
Mn  33.0*  31 ± 8  95 (0.8) 
Fe  804*  683 ± 128  85 (4.1) 
Ni  2.47 ± 0.07  <LOD  - 
Cu  7.03 ± 0.19  7.5 ± 3.3  106 (0.6) 
Zn  100.6 ± 2.2  93 ± 14  92 (2.4) 
Pb  40.9 ± 1.4  36 ± 8  88 (2.7) 
GBW 07605 (tea leaves) 
P  2840 ± 60  2332 ± 561  82 (3.9) 
K  16608 ± 600  15874 ± 1679  95 (1.9) 
Ca  4300 ± 200  3929 ± 400  91 (3.9) 
Cr  0.8 ± 0.002  <LOD  - 
Mn  1240 ± 40  1330 ± 166  107 (2.3) 
Fe  264 ± 10  229 ± 55  87 (2.7) 
Ni  4.6 ± 0.3  4.5 ± 1.6  97 (0.3) 
Cu  17.3 ± 0.1  18 ± 2  103 (0.9) 
Zn  26.3 ± 0.9  30 ± 8  114 (1.9) 
Pb  4.4 ± 0.2  4.5 ± 3.5  101 (0.1) 
 
*Indicative value.    ± CI mean average value ± confidence interval (       ) (p < 0.05, N 
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Dry ashing Spices  1 g 
After ashing, the residue is dissolved 
in 5 mL of 25 %, v/v HNO3. 
Heating at 450˚C (muffle oven) 8 h ETAAS [18] 
 Leaves  2 g 
The ashes were dissolved with HCl 
(18 %) : HNO3 (3 :1)  
Heating at 500 °C (muffle oven) 4 h TXRF [17] 
Wet digestion Spices 
1 g  
 
12 mL  of a mixture HNO3:H2O2 (2:1)  Heating at130˚C  (hot plate) 4 h ETAAS [18] 
 Leaves  0.1 g 
2.5-mL volume of HNO3:H2O2 mixture 
(2.0 mL of concentrated HNO3 and 
0.5 mL of 30 % H2O2)  
Heating at 120 °C in a electrical furnace using 
PTFE-bombs 







4 mL of HNO3 (65 %) and 2 mL of 
H2O2 (30 %) 
Digested in a microwave oven 
35 min + 
cooling time  
ETAAS [18] 
 Lichen  0.15 g 5 mL HNO3 Digested in a microwave oven 
37 min + 
cooling time  
TXRF [20] 
 Leaves  0.5 g 
1 mL HCl, 5 mL HNO3, 1 mL H2O2, 2 
mL H2O 
Digested in a microwave oven - TXRF [40] 
Direct solid analysis Leaves  5 g - 
Samples were gently pressed with a glass rod. The 
cups were covered from one side with a Mylar foil 
- XRF [19] 
Ultrsonic slurry 
sampling 
Leaves  15 mg  
5 % v/v HNO3 
0.5 % Tween 80, 1 % Triton X-100 or 1 
% SDS 
Slurry formation when sonication with an 
ultrasonic probe 







1 mL of 10 % v/v HNO3 + 10 % v/v HCl 
+ 10 % v/v HF 







ETAAS, electrothermal-atomic absorption spectrometry; ICP-MS, inductively-coupled plasma mass spectrometry; XRF, X-ray fluorescence 
spectrometry; TXRF, total-reflection X-ray fluorescence spectrometry. 
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VII.5. Application to real samples  
The proposed methodology was applied for the simultaneous multielemental 
analysis (P, K, Ca, Mn, Fe, Cu and Zn) of herbs, spices and medicinal plants (basil, 
birch, cinnamon, black pepper, white pepper, hot paprika, sweet paprika, oregano, 
black tea, green tea, red tea, camomile, lime blossom, mint, mate, rosemary, sage, 
thyme, acacia). The obtained results are shown in Table VII.4. As can be seen, Ca 
and K are the dominant elements in the samples. P, Mn and Fe exist in less, but 
substantial quantities (less than 5000 µg g-1) and Cu and Zn exist in quantity not 
exceeding 90 µg g-1. White pepper is the plant that showed the lowest 
concentration of K, Ca, Fe and Zn in all analyzed samples while hot paprika showed 
the highest concentration of P and K. 
P concentrations ranged from 647 µg g-1 (cinnamon) to 4781 µg g-1 (hot 
paprika). Similar concentrations have been found in the literature for P in 
cinnamon (600 µg g-1) and values up to 3365 µg g-1 for other herbs and herbal teas 
[36]. 
K and Ca concentrations varied from 724 (white pepper) to 38785 (hot 
paprika) µg g-1 and from 2133 (white pepper) to 28140 µg g-1 (basil), respectively. 
Values between 7000 and 96000 µg g-1, and between 2000 and 38000 µg g-1 had 
been reported for K and Ca, respectively, in different plants [36]. 
Mn values ranged from 25 µg g-1 (sweet paprika) to 2722 µg g-1 (mate). 
Similar Mn concentrations (range 30-1200 µg g-1) were found for some plants in 
other works [4, 36]. 
Fe levels varied from 104 µg g-1 (white pepper) to 3125 µg g-1 (camomile). 
The higher concentrations of Fe in plants could be due to the foliar absorption 
from the surrounding environment [37]. By comparison with other reported data 
in tea leaves (100 and 600 µg g-1), the found values were similar [4]. 
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The concentration of Cu and Zn was the smallest in the studied plants, they 
ranged from 7 µg g-1 (birch) to 37 µg g-1 (black tea), and from 15 µg g-1 (white 
pepper) to 89 µg g-1 (birch), respectively. Although Cu is a micronutrient for plants, 
it is also phytotoxic at high concentration. It was in agreement with other reported 
data. Concentrations lower than 30 µg g-1 were found for Cu [4] and lower than 
150 µg g-1 for Zn [36, 38]. 
Table VII. 4. Element concentrations in seasoning, aromatic and medicinal plants 
Plant samples 
Element concentration (µg g-1)   ± CI 
P K Ca Mn Fe Cu Zn 
Black tea 2947 ± 581 16418 ± 2428 3056 ± 246 631 ± 84 281 ± 104 37 ± 7 40 ± 7 
Green tea 1902 ± 425 15428 ± 2033 3633 ± 415 1304 ± 118 362 ± 29 24 ± 17 35 ± 4 
Red tea 2468 ± 1241 16640 ± 2847 7639 ± 632 787 ± 119 583 ± 142 17 ± 7 43 ± 26 
Camomile  2388 ± 174 22181 ± 6284 15345 ± 2654 147 ± 37 3125 ± 592 19 ± 7 32 ± 16 
Lime blossom 1546 ± 212 12192 ± 1382 15261 ± 1007 137 ± 21 691 ± 51 12 ± 4 23 ± 4 
Mint new 2940 ± 1737 18334 ± 4765 16904 ± 4398 111 ± 1 984 ± 188 18 ± 8 60 ± 7 
Mate 1294 ± 393 12782 ± 2013 7635 ± 757 2722 ± 171 210 ± 28 10 ± 2 74 ± 8 
Rosemary 1038 ± 621 10765 ± 6328 9850 ± 4095 40 ± 15 790 ± 229 14 ± 6 26 ± 10 
Sage 1068 ± 68 10946 ± 2088 16816 ± 1392 45 ± 7 754 ± 181 8 ± 2 20 ± 3 
Thyme 3280 ± 642 10160 ± 4098 18066 ± 3179 150 ± 21 1194 ± 150 15 ± 7 51 ± 3 
Basil 3483 ± 527 25730 ± 1644 28140 ± 1785 117 ± 7 1000 ± 90 22 ± 2 38 ± 7 
Birch 2314 ± 503 8219 ± 1758 7852 ± 3202 897 ± 144 266 ± 37 7 ± 2 89 ± 18 
Cinnamon 647 ± 183 3911 ± 325 4872 ± 184 434 ± 8 262 ± 59 13 ± 3 19 ± 3 
Black pepper 2571 ± 133 17797 ± 1749 4967 ± 491 310 ± 21 1264 ± 216 12 ± 4 15 ± 5 
White pepper 1832 ± 526 724 ± 129 2133 ± 127 58 ± 17 104 ± 40 14 ± 5 15 ± 11 
Hot paprika 4781 ± 234 38785 ± 1691 5533 ± 334 59 ± 7 1176 ± 123 17 ± 1 44 ± 2 
Sweet paprika 4145 ± 1338 13440 ± 9895 2864 ± 375 25 ± 5 717 ± 280 19 ± 6 32 ± 1 
Oregano 1984 ± 692 16912 ± 205 17748 ± 1453 63 ± 23 984 ± 92 15 ± 8 35 ± 6 
Acacia 955 ± 347 7378 ± 604 9496 ± 1429 74 ± 4 404 ± 57 14 ± 1 36 ± 1 
  ± CI mean average value ± confidence interval (       ) (p<0.05, N=3). 
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VII.6. Multivariate data analysis  
A linear discriminant analysis (LDA) has been applied to distinguish the 
nineteen seasoning, aromatic and medicinal plants on the basis of the elemental 
composition. Statistical data analyses were performed using IBM SPSS 19.0 
program. 
The preselected groups are based on the part of the plant used in the analysis 
or the part available for consumers, especially as spices or infusions, since different 
parts of the same plant have different effects [14]. 
These groups were: leaf (14), flower (1) and fruit (4). The plants in which the 
leaves were used are black, green and red tea, lime blossom, mint, mate, 
rosemary, sage, thyme, basil, birch, oregano and acacia. The flowers are used in 
camomile infusions and the fruits are used in black and white pepper and hot and 
sweet paprika spices. In the case of cinnamon, no significant differences have been 
found with the leaf group (Kruskal-Wallis test p<0.05, n=3). Thus, this sample was 
included in the last one. 
The construction of linear discriminant functions was carried out considering 
the size of each group and the stepwise inclusion method. At each step, the 
element that minimizes the overall Wilks´Lambda was entered. The maximum 
number of steps was 80, the minimum partial F to enter an element was 3.84 and 
the maximum partial F to remove an element was 2.71. These settings are based 
on default values in software. 
Two discriminant functions explained the 100 % of the variance. The 100 % of 
original grouped cases and 100 % of cross-validated grouped cases were correctly 
differentiated, including the cinnamon in the leaf group. It was found that just 5 
elements were sufficient to discriminate plants depending on the anatomical part 
of the plant used in the analyses. These elements were: P, Ca, Fe, Cu and Zn. Figure 
VII.2 shows the scatter plot for the two canonical functions (function 1 versus 
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function 2). The white pepper sample appeared to be slightly separated from their 
group centroide. This could be probably due to the fact that in this case the peel 
was removed during the industrial processing. 
In the first discriminant function, the largest absolute correlation was 
observed for Fe and Cu and for the second function P, Ca and Zn have the largest 
correlation. Cu and Fe are linked to several proteins associated with the 
Photosystem II and I in the photosynthesis. These proteins are plastocyanin in the 
case of Cu and ferrodoxin and cytochromes in the case of Fe [39]. Since 
photosynthesis occurs in the leaves, Fe and Cu allow the discrimination between 
leaves, flower and fruit tissues. P, Ca and Zn can be related to the general growth 
processes occurring in the plant. 
 




UAE as sample preparation procedure prior to TXRF determination provides 
accurate elemental concentrations in plant samples. Acid mixtures containing HF 
are required for complete extraction of P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn and Pb. 
Extractants containing HF make it necessary the use of acrylic glass sample 
carriers, which cause the background to increase. Background levels were kept to a 
minimum with soft extractants such as 3 % v/v used in UAE-M2 along with the use 
of quartz sample carriers. Consequently, the best detection limits are obtained in 
the latter situation. However, not all elements are efficiently extracted with UAE-
M2 (only K, Ca, Mn, Zn and Pb) and UAE-M5 (only P, K, Ca, Mn, Ni, Cu, Zn and Pb). 
This procedure can be considered fast and green, since up to six samples can 
be simultaneously pre-treated and in short time (15 min),  the consumption of 
energy, sample mass (10 mg) and volume of reagents (few µL of acids) are 
considerably reduced in comparison with conventional procedures such as acid 
digestion.  
Finally, this methodology was applied to the analysis of 19 plant samples 
used for human consumption. The elemental composition together with linear 
discriminant analysis allows identifying if the commercial preparation corresponds 
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ain conclusions drawn in the present work are the following: 
1. Ultrasound-assisted processes (e. g., extraction, digestion, solubilization and 
slurry formation) have expanded in the context of green analytical 
chemistry for the pre-treatment of many samples (e. g., environmental, 
food, clinical, and industrial). There is a wide variety of ultrasonic processor 
(i. e. bath, probe, cup-horn, multiprobes) available on the market, suitable 
for organic and inorganic analysis. Ultrasound energy is a green, fast and 
efficient alternative to other labour-intensive sample preparation 
procedures. (Chapter I) 
2. The use of the cup-horn sonoreactor as ultrasonic processor, in conjunction 
with several extractant media (acid and oxidant) has proved efficient for 
metal extraction from several samples. The proposed sample preparation 
procedure based on ultrasound-assisted extraction (UAE), for the 
determination of Cd, Pb, Mn, Ni and Cr allows achieving precise and exact 
results for a wide variety of biological and environmental samples by 
electrothermal-atomic absorption spectrometry (ETAAS). This ultrasonic 
system is advantageous as compared to probe and bath sonication systems, 
since it is more powerful than the probe, any extractant could be used, it 
allows multitreatment and there is not direct contact with the sample. 
(Chapter II) 
3. A sample preparation procedure using the cup-horn sonoreactor was 
successfully employed for the determination of Sb and Co from 
environmental solid materials containing silicates. Quantitative recoveries 
were reached for Sb and Co from environmental CRMs using a mixture of 
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diluted HNO3 + HF as extractant medium along with the application of the 
ultrasound energy after an two-level full factorial design (24) optimization of 
the most important variables . (Chapter III) 
4. The development of two methods based on UAE allows the extraction of Ag 
and Au from different solid materials (soil, river sediment, industrial sludge, 
fly ash) prior to ETAAS determination. In the first method, different mixtures 
of diluted acids were employed: HNO3 + HF for Ag and HNO3 + HCl for Au. 
The other method involves the use of thiourea in diluted H2SO4 medium. 
Finally, both proposed methodologies were applied to real samples 
collected in several sampling points of Galicia (Spain). (Chapter IV) 
5. The combination of UAE and dispersive liquid-liquid microextraction 
(DLLME) has been successfully applied for the determination of Au at very 
low concentration in liquid and solid samples prior to ETAAS. UAE was 
employed as sample preparation procedure and DLLME allows the 
preconcentration of Au from CRMs and real (aqueous and solid) samples, 
when the direct determination by ETAAS could not be sensitive enough. The 
ion-pair formed in diluted HCl medium, between AuCl4
- and [CH3(CH2)3]4N
+ 
migrates to the organic phase (a few µL of chlorobenzene) allowing its 
preconcentration. (Chapter V) 
6. The adaptation of ultrasound-based procedures (UAE and ultrasonic-probe 
slurry sampling, UPSS) and magnetic agitation slurry sampling (MASS) to 
TXRF multielemental (P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Sr) 
determination allows achieving similar accuracy and precision for most 
elements in a variety of biological certified reference materials (CRMs). 
However, ultrasound-based procedures are advantageous because of the 
small solid particles deposited, partial or total extraction of the analytes and 
the increased recovery achieved. The use of diluted HNO3 in UAE shows the 
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lowest background and the best detection limits, however, not all elements 
are efficiently extracted. (Chapter VI) 
7. A fast and simple method based on UAE as sample preparation procedure 
prior to TXRF allows the multielemental (P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn and 
Pb) determination in medicinal plants and spices. Different CRMs were 
employed to optimize the extractant and ultrasonic conditions. Acid 
mixtures containing HF are required for complete extraction. Finally, this 
methodology was applied to the analysis of 19 spices and medicinal plants 
samples used for human consumption. The elemental composition together 
with linear discriminant analysis allow identifying if the commercial 
preparation corresponds to flower, leaf or fruit, thus helping quality control 
analysis. (Chapter VII) 
Next Table summarizes the conditions and analytical figures of merit 
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Cd, Pb, Mn, 
Ni, Cr  
(87-111 %) 
3 % v/v HNO3 and 3 min or 10 % v/v HNO3 + 20 
% v/v HCl, 15 min and 60 % amplitude  




)/Linear range (µg L
-1
): 
Cd: 0.0045 µg g-1/ up to 6 µg L-1. 
Pb: 0.032 µg g-1/ up to 36 µg L-1. 
Mn: 0.016 µg g-1 / up to 20 µg L-1. 
Ni: 0.034 µg g-1/ up to 50 µg L-1. 
Cr: 0.012 µg g-1 / up to 50 µg L-1. 
RSD animal tissue: 0.3-9.7 % 
RSD plant tissue: 0.9-15.8 % 




Cd, Pb, Mn, 
Ni, Cr  
(92-105 %) 
5 min, 5 % v/v HNO3 
(5 % v/v H2O2 or 5 % v/v HF or 20 % v/v HCl , 60 







Cd, Pb, Mn, 
Ni, Cr  
(80-111 %) 
5 % v/v HNO3, 20 % v/v HF for 5, 15 or 40 min, 







Sb and Co  
(91-102 %)  
Low recovery 
for fly ash  
(66-79 %) 
20 % v/v HNO3 + 20 % v/v HF, 20 min, 20 % 
amplitude 
UAE-ETAAS 
LODs (µg g-1)/ Linear range(µg L-1): 
Sb:0.20 µg g-1 / up to 50 µg L-1 
Co:0.06 µg g-1 / up to 100 µg L-1 
RSD: less than 5.5 % for Sb. 




Au and Ag  
(81-107 %) 
1.Ag: 25 % v/v HNO3 + 25 % v/v HF, 20 min, 60 
% amplitude. 
Au: 25 % v/v HNO3 + 25 % v/v HCl, 20 min, 60 
% amplitude 
2.Ag, Au:0.6 % m/v thiourea + 2 % v/v H2SO4,  
UAE-ETAAS 
LODs (µg g-1)/ Linear range(µg L-1): 
Ag:0.012 µg g-1 / up to 20 µg L-1 
Au:0.05 µg g-1 / up to 100 µg L-1 






UAE Au: 25 % v/v HNO3 +25 % v/v HCl, 20 min 
sonication, 60 % amplitude. 
DLLME: 0.75 mL HCl concentrated+2.5 mL of a 
6.2×10-2 M [CH3(CH2)3]4NBr+0.85 mL water+ a 
mixture 500 µL acetone and 35 µL 
chloobenzene. 
UAE-DLLME-ETAAS 
LODs (µg g-1)/ Linear range(µg L-1): 
Au: 1.5 ng g-1 and 8.4 ng L-1 /  
0.075-0.75 µg L-1.  





P, K, Ca, Cr, 
Mn, Fe, Ni, 
Cu, Zn, As, Se 
and Sr  
(72-119 %) 
MASS-TXRF: 1 % w/v Triton X-100, 0.5 % v/v 
HNO3, 2 min 
UPSS-TXRF: 0.01 % w/v Triton X-100, 3 % v/v 
HNO3, 30 s 
UAE-TXRF: 10 % v/v HNO3 + 20-40 % v/v HCl, 
15 min 
RSD: less than 10 %. LODs: 
P: 130-240µg g-1. 
Ca, K,: 8-24µg g-1. 
Mn, Fe, Cr: 1.5-4.3µg g-1. 




P, K, Ca, Cr, 
Mn, Fe, Ni, 
Cu, Zn and Pb  
(76-121 %) 
UAE-TXRF 10 %v/v HNO3 + 10 % v/v HCl + 10 % 
v/v HF, 15 min 
RSD: less than 9 %. LODs: 
P: 443 μg g-1. 
Ca, K,: 34-49 μg g-1. 
Fe, Mn, Cr: 7.4-13 μg g-1. 
Ni, Cu, Zn, Ga, Pb: 2.9-4.9 μg g-1. 
UAE: ultrasound-assisted extraction, UPSS: ultrasonic-probe slurry sampling, MASS: magnetic 
agitation slurry sampling, ETAAS: electrothermal-atomic absorption spectrometry, TXRF: total 
reflection X-ray fluorescence spectrometry, DLLME: dispersive liquid-liquid microextraction, LOD: 
limit of detection, RSD: relative standard deviation. 
  
 
























Resumen de la Tesis en castellano 
R.I. Descripción de contenidos 
l Capítulo I, comprende una introducción general que se ha divido en cinco 
secciones. En la Sección I.1, se resume la importancia de las etapas de 
preparación de muestra previas a la etapa de determinación, así como diferentes 
procedimientos de preparación de muestra y de separación / preconcentración 
para la determinación de analitos inorgánicos. Se describen los fundamentos 
teóricos, las variables que afectan a la microextracción líquido-líquido dispersiva 
(DLLME) y algunos ejemplos, ya que ha sido empleada en el Capítulo V de esta 
tesis. Se trata de una técnica de preconcentración miniaturizada derivada de la 
extracción líquido-líquido convencional. En la Sección I.2, se explican los 
fundamentos y las ventajas proporcionadas por la energía de los ultrasonidos. 
Además, se describen algunos ejemplos de procesos de preparación de muestra 
asistidos por la energía de ultrasonidos (preparación de suspensiones, extracción, 
digestión y solubilización sin descomposición de la matriz) y las variables que 
afectan en estos procesos (concentración de ácido, tiempo y amplitud de 
sonicación, tamaño de partícula, adición de surfactantes o no). En la Sección I.3 se 
resumen las principales aplicaciones de los ultrasonidos para el pretratamiento de 
muestras sólidas y algunas muestras líquidas con una matriz compleja (como aguas 
residuales) en el contexto de la química analítica verde. En la Sección I.4, se 
describen brevemente las técnicas de determinación empleadas en esta tesis: 
espectrometría de absorción atómica electrotérmica (ETAAS) en los Capítulos II, III, 
IV y V y espectrometría de fluorescencia de rayos X de reflexión total (TXRF) en los 
Capítulo VI y VII. 





En los Capítulos II, III, IV, V, VI y VII se desarrollan métodos de preparación de 
muestra para la determinación de diversos elementos químicos en muestras de 
origen biológico y medioambiental. Cd, Pb, Cr, Mn, Ni (Capítulo II); Sb y Co 
(Capítulo III), Au y Ag (Capítulo IV); Au (Capítulo V); P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, 
As, Se y Sr (Capítulo VI) y P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn y Pb (Capítulo VII) se 
determinaron satisfactoriamente tras la combinación de la energía de ultrasonidos 
en la etapa de preparación de muestra y una técnica de determinación adecuada, 
ETAAS (Capítulos II, III, IV y V) y TXRF (Capítulos VI y VII). Además, en el caso de la 
determinación de Au en muy bajas concentraciones, se utiliza la técnica de 
preconcentración DLLME (Capítulo V). 
R.I.1. Importancia de la preparación de muestra en Química Analítica 
La determinación de diferentes elementos químicos en muestras de origen 
diverso es importante en diferentes campos de la ciencia y de la tecnología. Tanto 
desde el punto de vista industrial, toxicológico, químico, como medioambiental, 
establecer la concentración de un determinado elemento requiere de la aplicación 
de la química analítica. 
En muchos casos, ya que las técnicas de determinación generalmente 
empleadas no permiten la determinación directa a partir de la muestra sólida, se 
requiere llevar a cabo un proceso de preparación de muestra como etapa previa a 
la medida, que prepare la muestra para su posterior la introducción o deposición 
de la muestra. Así mismo, en función de la concentración del analito, el tipo de 
muestra y el procedimiento de preparación empleado se prefieren unas técnicas 
de análisis u otras. En algún caso, si la concentración de analito es muy baja o si 
existen interferencias de matriz, se requiere una etapa de preconcentración.  
En la Tabla R.I.1 se muestran los principales métodos de preparación de 
muestra: con mínimo tratamiento de muestra o sin tratamiento, procedimientos 
de descomposición de la matriz y procedimientos extractivos.  
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Tabla R.I.1. Clasificación de los procedimientos de preparación de muestra para el análisis 
de elementos traza 
Sin tratamiento o con 
mínimo tratamiento 
Procedimientos de descomposición 
Procedimientos de 
extracción 
Alta temperatura Baja temperatura  
Dilución o uso de las 
muestra directamente 
para muestras acuosas 
 





Oxidación por vía 
húmeda 
- digestión ácida 
convencional 
- digestión ácida asistida 
por microondas 
- Otros (incinerador de 
alta presión) 
 
Oxidación por vía seca 
- sistemas estáticos 
 Horno mufla 
 Matraz 
Schöniger 










- Método Fenton 
- Métodos Enzimáticos 
- Solubilización con 
surfactantes 
- Solubilización con 
disoluciones tampón 
  - Solubilización con 
TMAH 
- Descomposición 
mediante radiación UV 
 
Oxidación por vía seca 


















De entre todos ellos, la digestión ácida es quizá la más ampliamente utilizada, 
tanto la digestión ácida convencional (con baño de arena, placa calefactora o 
estufa) como la asistida por microondas. Sin embargo presentan diversos 
inconvenientes y peligros asociados. En general, se requiere el uso de grandes 
volúmenes y altas concentraciones de ácidos, además de altas presiones y 
temperaturas. Por lo que se trata de procedimientos largos y tediosos, que 
necesitan una supervisión total durante todo el proceso de digestión y una larga 
etapa de enfriamiento de los digestores después de la digestión. Por otro lado, 
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presentan alto riesgo de contaminación y pérdida de elementos volátiles, además 
del riesgo para el operador, debido al uso de ácidos corrosivos y en caliente.  
 Además, cuando el analito está presente en una concentración muy baja, se 
requieren etapas de separación y/o preconcentración debido a la inadecuada 
sensibilidad de la técnica de análisis o debido a la presencia de interferencias de la 
matriz (Tabla R.I.2). 
En la Tabla R.I.2 se clasifican los procedimientos de preconcentración de 
analitos inorgánicos en clásicos y miniaturizados. 
Tabla R.I.2. Clasificación de los procedimientos de preconcentración (métodos clásicos y 
miniaturizados) 
Métodos clásicos de preconcentración Procedimientos miniaturizados de preconcentración 
Evaporación del disolvente 
Diálisis 
Destilación y volatilización (generación de 
vapores)  
Precipitación y coprecipitación 
Extracción líquido-líquido (LLE) 
Uso de agentes y resinas quelatantes 
Atrapamientos de diferentes tipos 
Deposición electroquímica 
Extracción en punto de nube (CPE) 
… 
 
Micoextracción en fase sólida (SPME)  
   -Extracción sobre un sorbente en barra agitadora (SBSE) 
Microextracción en fase líquida o extracción líquido-
líquido (LPME o LLME) 
  -En Gota (SDME)  
           -En gota directa (Direct-SDME) 
           -Espacio de cabeza (HS-SDME) 
           -Líquido-líquido-líquido (LLLME)  
           -En flujo continuo (CFME) 
  -Fibras huecas (HF-LPME) 
  - Líquido-líquido dispersiva (DLLME) 
  -Gota suspendida (DSDME) 
  -Gota orgánica flotante solidificada (SFODME) 
Microdiálisis  
… 
Como la DLLME se ha empleado en esta tesis en el Capítulo V, se describirá 






Microextracción líquido-líquido dispersiva (DLLME) 
En algunos casos, la concentración del analito en la muestra es muy baja y se 
requieren etapas de separación y preconcentración. La extracción líquido-líquido 
(LLE) es uno de los procedimientos que se usan generalmente con este fin. LLE 
consiste en la transferencia del analito de una fase acuosa a una fase orgánica 
inmiscible en la primera. Debido al alto volumen de disolvente orgánico necesario, 
se han desarrollado múltiples procesos miniaturizados disminuyendo el volumen 
de reactivos. Uno de ellos es la microextracción líquido-líquido dispersiva (DLLME).  
La DLLME se basa en la formación de turbidez en la fase acuosa cuando una 
mezcla adecuada de disolvente de extracción y agente dispersante se inyecta en la 
fase acuosa que contiene el analito y se agita manualmente unos segundos. Esta 
turbidez se produce debido a la dispersión de pequeñas gotas del disolvente de 
extracción, que facilita la transferencia de masa del analito de la fase acuosa a la 
fase orgánica debido a la gran área interfacial. Se trata de una extracción casi 
independiente del tiempo. Posteriormente, la mezcla se centrifuga y las gotas de 
disolvente orgánico conteniendo el analito se sedimentan en un vial de base 
cónica. La fase sedimentada se analiza mediante las técnicas de determinación 
convencionales. En la Figura R.I.1 se presenta un esquema de los pasos 
involucrados en la DLLME. 
Algunas de las ventajas que proporciona la DLLME son la rapidez, simplicidad, 
bajo coste, altos factores de enriquecimiento o preconcentración. Es además, una 





Figura R.I.1. Esquema del procedimiento de DLLME. Etapas: 1. Muestra acuosa 
conteniendo el analito (5 - 10 mL), 2. Inyección rápida  de la mezcla: disolvente de 
extracción (unos  µL) + agente dispersante (0,25 – 1 mL), 3. Agitación manual durante 
unos segundos y formación de la turbidez, 4. Centrifugación y sedimentación del 
disolvente de extracción conteniendo el analito, 5. Recogida de la fase sedimentada y 
posterior determinación 
R.I.2. Pretratamiento de muestras sólidas asistido por la energía de ultrasonidos 
en el contexto de la química analítica ‘verde’ 
La preparación de muestra ha sufrido una serie de transformaciones en los 
últimos años, los mayores esfuerzos se basan en la aceleración, simplificación, 
miniaturización y automatización de las operaciones involucradas. Actualmente, la 
preocupación por los aspectos verdes han llevado a los químicos a considerar 
parámetros indicadores (por ejemplo, tiempo de operación, seguridad, 
volumen/concentración de disolventes y consumo de energía) cuando se 
desarrollan nuevos métodos de preparación de muestra. Desde este punto de 
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vista, los ultrasonidos son una energía limpia y eficiente que ha acelerado 
drásticamente muchos protocolos de preparación de muestra. Las condiciones 
específicas provocadas por la cavitación acústica han intensificado el 
pretratamiento de muestras sólidas (por ejemplo, digestión, disolución y 
extracción), que se aplican generalmente previos a la etapa detección.  
Los ultrasonidos promueven los procesos de extracción sólido-líquido debido 
a las siguientes condiciones: (i) altas temperaturas locales en las microburbujas de 
cavitación que se producen en el medio líquido, que mejoran la solubilidad del 
analito y la difusión del disolvente o extractante dentro de las partículas sólidas; (ii) 
altas presiones durante la implosión de las burbujas de cavitación, lo que mejora el 
transporte y la penetrabilidad del disolvente; (iii) la fragmentación de las 
partículas, lo que produce una renovación de la superficie y como consecuencia 
más analitos están en contacto con el disolvente; (iv) formación de radicales 
oxidantes (como OH●) y H2O2 que ayudan a la oxidación de la materia orgánica. En 
la Figura R.I.2 se muestran los pasos implicados en el proceso de cavitación. Se 
conoce como teoría del ‘hot spot’ (puntos calientes), debido a las altas presiones y 
temperaturas alcanzadas en el interior de las burbujas. El fenómeno de la 
cavitación también se conoce como “ebullición fría”, debido a que no se observan 
cambios apreciables en la temperatura global. 
En el campo de la química analítica se recurre a la energía de ultrasonidos 
para usos generales como desgasificar o limpieza y para usos más específicos como 
extracción, derivatización, homogeneización y emuslificación. En general, los 
ultrasonidos se han implementado en la etapa de preparación de la muestra en 
análisis instrumental, siendo ésta, una etapa clave dentro de la totalidad del 
proceso analítico. Es en este campo donde la aplicación de los ultrasonidos emerge 
como una buena alternativa a los métodos convencionales de preparación de 
muestra (Tabla R.I.3). Los ultrasonidos son una técnica alternativa a la digestión 
asistida por microondas, evitando el uso de ácidos concentrados, disminuyendo el 
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tiempo de análisis y no se requiere el tiempo de espera de enfriamiento de los 
reactores de microondas. Supone además, una alternativa a métodos que implican 
altas temperaturas, altas presiones y altas concentraciones de ácidos (fluidos 
supercríticos, extracción soxhlet).  
 
 
Figura R.I.2. Fenómeno de cavitación. (A) Desarrollo y colapso de las burbujas de 
cavitación. (B) Colapso cavitacional en la interfase sólido-líquido. La secuencia (1), (2) y (3) 
muestra un esquema de la fragmentación debido a gas atrapado en los defectos de la 
superficie del sólido, produciendo la reducción del tamaño de partícula (incrementado el 
área superficial). 
La influencia de estas temperaturas y presiones generadas en las burbujas de 
cavitación, junto con la energía de oxidación de los radicales hidroxilo y peróxido 





Tabla R.I.3. Comparativa de los aspectos ‘verdes’ de las técnicas de pretratamiento de 




Tiempo Energía Seguridad Reactivos 
Analitos de tipo inorgánico  
Calcinación  6-8 h Alto 
consumo 
Muy seguros Uso de bajos volúmenes de 
ácidos diluidos para 







Riesgo de explosión 
y derrames 
Uso de grandes volúmenes 





< 1h Consumo 
moderado 
Riesgo de explosión, 
seguridad 
relacionada con el 
precio del equipo 
instrumental 
Uso de bajos volúmenes de 
ácidos minerales 
concentrados 
Analitos de tipo orgánico 
Soxhlet 6-24 h Alto 
consumo 
Riesgo por 
exposición a vapores 
orgánicos 










por explosión con 
viales cerrados 









Muy seguro  
(alta presión y 
temperatura) 
2-5 mL; CO2 en condiciones 









Muy seguro  
(alta presión y 
temperatura) 
10-40 mL de disolventes 
orgánicos 






< 1 h  Consumo 
moderado 
Muy seguro, 
extracción llevada a 




Uso de volúmenes 
moderados de ácidos 
minerales y disolventes 
orgánicos para analitos 







< 5 min Consumo 
moderado  
Muy seguro, 
extracción llevada a 




Uso de bajos volúmenes (1-
15 mL) de ácidos minerales 
diluidos y disolventes 
orgánicos para analitos 




La implementación de los ultrasonidos en el pretratamiento de muestras 
sólidas previo a la determinación de analitos orgánicos, iones o especies 
elementales incrementa los aspectos verdes: 
(i) Acelerando procesos  (digestión, extracción, solubilización), con el 
consiguiente ahorro de energía. 
(iii) Utilizando menos disolvente y a concentraciones más bajas 
(iv) Empleando procedimientos más seguros (a temperatura ambiente y 
presión atmosférica). 
(v) Reduciendo los riesgos de contaminación y pérdida de analitos volátiles 
(vi) Obteniendo procedimientos respetuosos con el medio ambiente, a un 
coste bajo e incrementando la productividad.  
Los procedimientos de muestra basados en la energía de ultrasonidos más 
empleados son los siguientes (Tabla R.I.4):  
 Preparación de suspensiones asistida por ultrasonidos (USS): los 
ultrasonidos se utilizan para preparar una suspensión homogénea y 
estable de partículas sólidas en un medio líquido apropiado. 
 Extracción asistida por ultrasonidos (UAE): los ultrasonidos aceleran la 
extracción de los analitos desde las partículas sólidas de la muestra a la 
fase líquida (la matriz no se ve afectada por el medio).  
 Digestión asistida por ultrasonidos (UAD): en este caso, la matriz es 
totalmente descompuesta usando la combinación de la energía de 
ultrasonidos con una mezcla de ácidos concentrados que permita 
solubilizar los analitos. La diferencia con UAE es que UAD utiliza medios 
más agresivos. 
 Solubilización asistida por ultrasonidos sin descomposición de la matriz: 
los ultrasonidos aceleran la disolución de la muestra (de sólido a líquido), 
pero sin alterar la muestra. 
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Tabla R.I.4. Comparativa de los diferentes procedimientos acelerados por ultrasonidos 
R.I.3. Extracción sólido-líquido asistida por ultrasonidos 
La introducción de muestras en forma de suspensiones (slurries) es una 
técnica muy utilizada para la determinación de metales traza, ya que evita realizar 
un pretratamiento de muestra intensivo. Aunque presenta una serie de 
inconvenientes, como por ejemplo, la gran cantidad de variables a optimizar, como 
pueden ser, homogeneidad de la muestra, adición de estabilizantes, adición de 
agentes humectantes, adición de diluyente para la suspensión, y tamaño de 
partícula. También se producen errores volumétricos y de sedimentación. 
A partir de ahí surgió la idea de llevar a cabo la extracción del analito al 
medio líquido, que se comprobó que presenta una serie de ventajas frente a la 
introducción de suspensiones. Se mejora la precisión, ya que las muestras que se 
introducen en el horno de grafito, son más parecidas a muestras líquidas. Otra 
ventaja es que se disminuye la formación de residuos carbonosos en el horno de 
grafito y no es necesario mantener la suspensión homogénea, por lo que se 
elimina esta fuente de variabilidad. 
Procedimiento acelerado por la 





Preparación de suspensiones 
asistida por ultrasonidos 
Ácido diluido (HNO3) y un 
surfactante (Triton X-100) 
Sonda, 5-30 s Metales 
Extracción asistida por 
ultrasonidos 
Mezcla de ácidos diluidos 






Digestión asistida por 
ultrasonidos 





Solubilización asistida por 
ultrasonidos sin descomposición 
de la matriz: 
TMAH en metanol, ácido 
fórmico, KOH en metanol, 
EDTA 
Sonda, 2 min Hg, metales 
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Tras diversos estudios se comprobó que el porcentaje de extracción depende 
del procesador de ultrasonidos utilizado y de las interacciones del analito con la 
matriz. 
La extracción sólido-líquido asistida por ultrasonidos se aplicó a la extracción 
de compuestos orgánicos (aceites esenciales, ácidos grasos, isoflavonas, 
compuestos fenólicos, terpenos y vitamina E), inorgánicos e iones metálicos, en 
especiación y también en aceleración de procesos de extracción secuencial 
tradicional (Figura R.I.3). 
 
Figura R.I.3. Gráfica que muestra el número de publicaciones por año que utiliza la 
extracción-asistida por ultrasonidos como pretratamiento de muestras solidas para la 
determinación de metales, organometales y compuestos orgánicos. 
La aplicación de la extracción sólido-líquido a analitos inorgánicos e iones 
metálicos es menos frecuente que para compuestos orgánicos, quizás por la 
ineficiencia de los efectos sonoquímicos generados por la mayoría de los baños 
ultrasónicos, que son más comunes que la sonda en los laboratorios habituales. Sin 
embargo, la aplicación de fuentes ultrasónicas más potentes parece definirse 
como un método de pretratamiento de muestra alternativo a los clásicos, mucho 
más fácil y seguro, a la hora de extraer analitos fuertemente enlazados a la matriz. 
En estos casos se logran obtener determinaciones analíticas con un pretratamiento 
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de muestra mínimo, debido a la baja dependencia de la señal analítica respecto de 
la matriz, en comparación con otras técnicas. 
Es necesario realizar la optimización de diversas variables como, el tipo y 
volumen del extractante, la masa de muestra, el tamaño de partícula de la muestra 
sólida, el tiempo, la amplitud de sonicación junto con el procesador ultrasónico 
empleado. 
R.I.4. Procesadores ultrasónicos 
Los sistemas de aplicación de ultrasonidos más utilizados en el laboratorio 
químico son el baño y la sonda de ultrasonidos. Estos sistemas están basados en 
transductores electromagnéticos, capaces de convertir energía mecánica o 
eléctrica en sonido de alta frecuencia.  
 Baño de ultrasonidos.  
El baño de ultrasonidos es un recipiente de acero con los transductores 
situados en la base del mismo, a partir de los cuales se irradian los ultrasonidos. 
Algunos baños incorporan controladores de temperatura.  
La energía liberada por los baños de ultrasonidos disponibles en el mercado 
(1-5 W/cm2) es suficiente para limpiar, desgasificar disolventes y extraer metales o 
pesticidas adsorbidos en matrices medioambientales. No obstante, cuando el 
analito está unido a la matriz mediante interacciones fuertes, la energía liberada 
por el baño ultrasónico puede no ser suficiente para extraerlo. Esta ineficacia es 
debido a que los ultrasonidos liberados en el baño deben traspasar la pared del 
recipiente que contiene la muestra y provocar la cavitación, lo que no siempre 
ocurre con los baños comerciales disponibles.  
Una característica importante de los baños de ultrasonidos es la distancia de 
la muestra al transductor, en el cual se generan las ondas ultrasónicas. Los 
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ultrasonidos no alcanzan la misma intensidad en toda la superficie del baño, 
disminuyendo ésta con la distancia al origen. Si el baño sólo dispone de un 
transductor, la muestra debe situarse lo más cerca posible al mismo a fin de 
alcanzar la máxima eficacia de aplicación ultrasónica. Finalmente, el principal 
inconveniente de los baños comerciales es que no permiten el control de la 
potencia de aplicación de los ultrasonidos. 
 Sonda de ultrasonidos. 
La sonda de ultrasonidos es un dispositivo que permite generar las ondas 
ultrasónicas directamente en el medio de trabajo, sin necesidad de que éstas 
tengan que transmitirse primero por el líquido contenido en el baño y después a 
través de las paredes del recipiente que contiene a la muestra. La energía que las 
sondas ultrasónicas pueden transmitir es del orden de 100 veces superior a la 
transmitida por el baño ultrasónico. La sonda de ultrasonidos consta de un 
generador de impulsos eléctricos alternos, y la sonda propiamente dicha. Ésta 
última está a su vez formada por dos partes, una de las cuales es intercambiable 
entre piezas de diferentes diámetros. Ya que, distintos volúmenes de muestra 
requieren un diámetro de sonda diferente. El cabezal fijo de la sonda transmite a la 
pieza intercambiable la vibración que, a su vez, es transmitida por ésta última al 
medio líquido, en donde la vibración se convierte en una onda ultrasónica. Las 
sondas suelen fabricarse de titanio, material resistente a la corrosión. 
A pesar de las ventajas de la sonda sobre el baño para la extracción sólido-
líquido, ésta también presenta una serie de problemas. En concreto, la irradiación 
ultrasónica con sonda está acompañada de una importante generación de calor, lo 
que puede hacer necesaria la utilización de un sistema de refrigeración. Además 
hay que tener en cuenta la posibilidad de pérdida de componentes volátiles 
durante la sonicación debido al efecto desgasificante de los ultrasonidos. 
Existe otro tipo de procesador ultrasónico que se ha usado por primera vez 
en esta tesis, el sonorreactor cup-horn, que se describirá a continuación. 
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 Sonorreactor cup-horn. 
Se trata de un dispositivo que permite la sonicación de forma indirecta al 
igual que el baño. La sonicación indirecta significa que las ondas de ultrasonidos 
necesitan atravesar las paredes del recipiente de la muestra para poder llegar a la 
muestra. 
El sonorreactor cup-horn es 50 veces más intenso que un baño de 
ultrasonidos. Las muestras se procesan en tubos sellados o viales, eliminando así la 
contaminación. Estos dispositivos son ideales tanto para muestras estériles como 
para muestras peligrosas de patógenos. En el sonorreactor cup-horn, el cabezal de 
la sonda (horn) se encuentra invertido hacia arriba y adoptando forma de copa. La 
cavitación producida en las muestras inmersas es mayor que la que se da en el 
baño de ultrasonidos, pero es menor que la cavitación producida por la 
introducción directamente de la sonda de ultrasonidos en la disolución. Se trata de 
un sistema robusto y potente, que permite el acoplamiento de un soporte para la 
colocación de diversos viales, en concreto permite utilizar hasta 6 viales Eppendorf 
de forma simultánea.  
En la Tabla R.I.5, se puede observar un resumen de las características: de los 
tres sistemas de aplicación de ultrasonidos anteriormente mencionados. 
Tabla R.I.5. Principales características del sonorreactor cup-horn, baño y sonda de 
ultrasonidos 
Características Baño Sonda Sonorreactor cup-horn 
Intensidad (W/cm2) 1-5 100 50 
Energía distribuida Irregular Regular Regular 
Amplitud de sonicación Fija Ajustable Ajustable 
Tipo de sonicación Indirecta Directa Indirecta 
Número de muestras (simultáneo) Alta Baja Media 
Volumen de muestra (ml) Variable 1-50 1 
Riesgo de contaminación No Si  No 
Erosión del sistema No Si  No 
Coste Bajo  Alto Alto  
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R.I.5. Técnicas de determinación empleadas en esta Tesis 
Las técnicas de determinación que se emplearon en esta Tesis fueron la 
espectrometría de absorción atómica electrotérmica (ETAAS) y la fluorescencia de 
rayos X de reflexión total (TXRF).  
 Absorción atómica con atomización electrotérmica (ETAAS) 
La atomización electrotérmica tiene lugar en un tubo cilíndrico de grafito 
abierto por ambos extremos, y con un orificio central para la introducción de la 
muestra, que se ajusta a un par de contactos eléctricos de grafito ubicados en los 
extremos del tubo. Éste suele estar refrigerado por agua, lo que proporciona una 
mayor precisión y mayor rapidez en análisis sucesivos. La introducción de las 
muestras líquidas se realiza de forma manual o mediante un automuestreador 
automático. En el caso de muestras sólidas se utilizan atomizadores especiales. Las 
etapas que tienen lugar en el tubo de grafito son las siguientes: secado, pirólisis 
(calcinación o mineralización), atomización y limpieza. 
La absorción atómica implica la medida de la reducción de la intensidad de 
una radiación electromagnética cuando pasa a través de una celda conteniendo 
átomos en estado gas. Mediante esta interacción un fotón transfiere su energía a 
un átomo para promocionar un electrón de valencia desde un estado basal a un 
estado excitado.  
Existen dos corrientes de gas inerte, una externa que previene la entrada de 
aire exterior e incineración del tubo; y una corriente interna que elimina el aire y 
desaloja los vapores generados a partir de la matriz de la muestra durante las dos 
primeras etapas de calentamiento. 
A lo largo de los años, se han desarrollado unas condiciones que permiten 
incrementar su precisión, exactitud y facilidad de uso en las medidas analíticas. 
Estas condiciones consisten en el uso de plataformas de L’vov, tubos de grafito 
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pirolítico, uso de modificadores químicos, uso de correctores de absorción de 
fondo, etc. Permite la determinación de metales, metaloides y algunos no metales, 
alcanzando límites de detección del orden de µg L-1. 
 Espectrometría de fluorescencia de rayos X de reflexión total (TXRF) 
TXRF es una variación de la fluorescencia de rayos X convencional (XRF). En 
TXRF, se irradia con rayos X una superficie plana conteniendo la muestra con 
ángulos de incidencia rasantes, menores al ángulo crítico para el cual se produce 
reflexión total en la superficie. Posteriormente, se crea una vacante (de un 
electrón) en una capa interna y a continuación la transición de electrones de capas 
externas a esa vacante produce la emisión de fluorescencia característica que es 
recogida mediante un detector. 
Para un ángulo de incidencia de rayos X inferior o igual al ángulo crítico 
(aproximadamente 0,1 ⁰ para rayos X) se producen los siguientes efectos:  
(i) El haz de radiación incidente es totalmente reflejado desde el 
portamuestras. La muestra se excita con el haz incidente y el 
reflejado, duplicando prácticamente la intensidad de la radiación 
incidente.  
(ii) El haz de radiación incidente casi no es absorbido por el substrato. 
Por lo que la profundidad de penetración de los rayos X incidentes 
en el substrato es muy baja (unos pocos nm), y prácticamente no 
contribuye al fondo del espectro. 
Todas esas características se traducen en incremento de la sensibilidad, 
disminución de la absorción de fondo, uso de micromuestras, reducción de los 
efectos de matriz con respecto a XRF.  
Los elementos con número atómico inferior a 13 (Z < 13) no se pueden 
determinar en equipos convencionales de TXRF, debido a que sus emisiones de 
fluorescencia son de tan baja energía que se ven absorbidas rápidamente en su 
camino desde el reflector (o portamuestras) hasta el detector. 
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R.II. Evaluación analítica de un sonorreactor cup-horn para la extracción 
asistida por ultrasonidos de metales trazas en muestras complejas 
En el Capítulo II, se describe un método de preparación de muestra basado 
en la extracción asistida por ultrasonidos de metales traza en una variedad de 
matrices biológicas y medioambientales (en este caso, materiales de referencia 
certificados, CRMs). Se utilizan ácidos diluidos (HNO3, HCl y HF) y reactivos 
oxidantes (H2O2) para llevar a cabo la extracción. Los extractos son directamente 
analizados mediante espectrometría de absorción atómica electrotérmica (ETAAS). 
El sonorreactor cup-horn se utiliza por primera vez como procesador ultrásonico 
para acelerar el proceso de extracción. Este sistema combina las ventajas de la 
sonda y el baño de ultrasonidos, permitiendo el uso de una amplia variedad de 
condiciones para la extracción de metales en matrices problemáticas. Además, el 
sonorreactor cup-horn permite el uso de HF para destruir la red de silicatos, la 
aplicación simultánea del tratamiento hasta a 6 muestras y cortos períodos de 
tratamiento.  
El procedimento empleado es el siguiente: se pesa una porción de muestra, 
entre 3 y 25 mg en un vial Eppendorf y se le añade 1 mL de la disolución 
extractante. A continuación la muestra se somete a sonicación a una amplitud del 
60 % durante el tiempo necesario.  
En primer lugar, se lleva a cabo la optimización de la extracción de Pb, Cd, 
Mn, Cr y Ni en las matrices de tejido animal (hígado y músculo de cazón, 
hepatopáncreas de langosta, tejido de mejillón e hígado bovino). Para ello, se 
proponen dos experimentos basados en experiencias previas, uno de ellos 
utilizando condiciones de extracción más suaves, experimento 1 (3 % v/v HNO3, 3 
minutos, 3 - 30 mg, 60 % amplitud) y otro utilizando condiciones más fuertes, 
experimento 2 (10 % v/v HNO3, 20 % v/v HCl, 15 minutos, 60 % amplitud). Tanto el 
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experimento 1 como el 2, permiten obtener resultados satisfactorios para los 
todos los CRMs de tejido animal y marisco.  
Para la extracción de Cd, Pb, Mn, Ni y Cr en tejidos vegetales (plantas 
acuáticas, algas, hojas de té y liquen) se evalúan diferentes medios de extracción, 
en los que se varía la concentración de ácido nítrico, peróxido de hidrógeno, ácido 
fluorhídrico, ácido clorhídrico y el tiempo de sonicación.  
Finalmente, se plantean una serie de experimentos para llevar a cabo la 
extracción de Cd, Pb, Mn, Ni y Cr en matrices de tipo inorgánico, que incluyen 
suelos, sedimentos, lodos de depuradora, cenizas volantes. En el caso de matrices 
de tipo inorgánico se requiere la adición de ácido fluorhídrico debido a que los 
metales a determinar pueden estar enlazados al silicio presente en este tipo de 
materiales. En este caso, el medio de extracción es el mismo (5 % v/v HNO3+ 20 % 
v/v HF) y únicamente se varía el tiempo de extracción entre 5 - 40 min.  
Para concluir, se obtienen recuperaciones cuantitativas de los metales Cd, Pb, 
Mn, Ni, Cr para las diferentes matrices bajo unas condiciones de extracción que 
van desde el uso de 3 min de tiempo de sonicación y 3 % v/v HNO3 para algunos 
tejidos animales y 40 min de sonicación junto con 5 % v/v HNO3 + 20 % v/v HF para 
sedimentos. La materia vegetal requiere el uso de 5 % v/v HNO3 + 5 % v/v HF para 
la extracción de algunos elementos.  
A modo de resumen, en la Tabla R.II.1 se presentan las condiciones 
experimentales óptimas de extracción para cada uno de los metales estudiados en 
los diferentes CRMs. En las columnas se muestran los elementos que han sido 
extraídos eficazmente bajo las condiciones experimentales descritas. Como puede 
observarse, Cd, Pb y Mn son los elementos más fácilmente extraíbles en la mayoría 
de los CRMs y por lo tanto pueden usarse unas condiciones más suaves de 
extracción para estos elementos. Por otro lado, también puede observarse que la 
extractabilidad de los metales en orden creciente de dificultad es la siguiente: 
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tejido de origen animal < tejidos de origen vegetal < suelos, cenizas volantes y 
lodos de depuradora < sedimentos. 
Tabla R.II.1. Resumen de las condiciones óptimas de extracción 
 EXPERIMENTOS 
CRM 1 2 3 4 5 6 7 8 9 10 
Tejidos de origen animal 
TORT-2 Cd, Pb, Ni Cr         
DOLT-3 Cd  Pb, Ni, Cr         
DOLT-2 Cd, Mn  Pb, Ni, Cr         
CRM 278 Cd, Pb, Mn  Cr         
CRM 185R Cd Mn         
DORM-2 Cd, Ni  Mn, Cr         
Tejidos de origen vegetal 
CRM 61   Cd, Pb, Mn  Cr      
CRM 60   Cd, Pb, Mn  Cr Ni     
CRM 279   Cd, Mn Pb Cr      
GBW 07605   Cd, Mn, Ni Pb Cr      
CRM 482   Cd, Pb   Cr  Ni    
Sedimentos, suelos, lodos de depuradora y cenizas volantes 
CRM 320         Ni, Cr Cd, Pb, Mn 
CRM 145R        Cd, Pb, Mn, Ni, Cr   
SRM 2710        Cd, Pb, Mn, Ni  Cr  
SRM 2711        Cd, Pb, Mn, Ni  Cr  
SRM 1633b        Cd, Pb, Mn, Ni Cr  
Condiciones de los experimentos: 
1) 3 % v/v HNO3, 3 minutos, 60 % amplitud.  
2) 10 % v/v HNO3, 20 % v/v HCl, 15 minutos, 60 % amplitud.  
3) 5 % v/v HNO3, 5 minutos, 60 % amplitud.  
4) 5 %v/v HNO3, 5 % v/v H2O2, 5 minutos, 60 % amplitud.  
5) 5 % v/v HNO3, 5 % v/v HF, 5 minutos, 60 % amplitud.  
6) 5 % v/v HNO3, 5 % v/v H2O2, 5 % v/v HF, 5 minutos, 60 % amplitud.  
7) 5 % v/v HNO3, 5 % v/v HF, 20 % v/v HCl, 5 minutos, 60 % amplitud.  
8) 20 % v/v HF, 5 % v/v HNO3, 5 minutos, 60% amplitud.  
9) 20 % v/v HF, 5 % v/v HNO3, 15 minutos, 60 % amplitud.  
10) 20 % v/v HF, 5 % v/v HNO3, 40 minutos, 60 % amplitud. 
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R.III. Extracción asistida por ultrasonidos de antimonio y cobalto en 
muestras medioambientales usando un sonorreactor cup-horn previo a su 
determinación mediante espectrometría de absorción atómica 
electrotérmica  
En el Capítulo III, se describe un método simple, rápido y fiable para la 
extracción cuantitativa de Sb y Co a partir de matrices medioambientales de tipo 
inorgánico (suelos, sedimentos, residuos industriales y cenizas volantes) de 
contenido variable de silicatos basado en la energía de ultrasonidos previo a su 
determinación mediante espectrometría de absorción atómica electrotérmica 
(ETAAS). 
Las matrices de tipo inorgánico son complejas, debido a que los metales a 
determinar pueden estar dentro de la red cristalina de silicatos y es necesario 
romper esa red para liberar los metales. Para ello, es necesario añadir ácido 
fluorhídrico, que destruye la matriz silicatada mediante la formación de fluoruro 
de silicio liberando los metales enlazados al medio. El uso del sonorreactor cup-
horn permite la adición de este ácido, ya que se utilizan viales cerrados. De esta 
forma se evita la erosión que se produce en el caso de la sonda, al estar en 
contacto directo con el medio. 
Se aplica un diseño factorial completo de dos niveles (24) para la optimización 
de las variables que influyen en la extracción asistida por ultrasonidos (UAE) de Sb 
y Co en el material de referencia (CRM) SRM 2702, sedimento marino. Estas 
variables son: tiempo de sonicación, amplitud de la energía de los ultrasonidos, 






Tabla R.III.1. Condiciones de operación para Sb y Co 
Variables 
 Nivel (-)  
de las 
variables 
 Nivel (+)  
de las  
variables 
 Condiciones óptimas 
   Sb Co 
A (ácido nítrico, % v/v)  0.1  20  20 20 
B (ácido fluorhídrico, % v/v)  0.1  20  20 20 
C (tiempo de sonicación, min)  1  20  20 20 
D (amplitud de sonicación, %)  20  60  20 20 
 
Los resultados de la optimización se muestran en la Figura R.III.1. Como 
puede observarse, las variables A, B y C presentan un efecto significativo positivo 
(concentración de ácido nítrico y fluorhídrico y tiempo de sonicación) en la 
extracción de Sb y Co. En cambio, la amplitud de sonicación no muestra un efecto 
significativo sobre la extracción de estos dos elementos. 
Por otro parte, se observa una interacción relevante entre las variables A y B 
en la extracción de Sb y entre las variables B y C en la extracción de Co (Figura 
R.III.2).  Sin embargo, las interacciones siempre son pequeñas en comparación con 
los efectos de las variables principales. 
En la primera interacción, cuando al concentración de HF está en el nivel (-), 
hay un efecto positivo de la concentración de HNO3, aunque la recuperación 
observada es baja. En cambio, cuando la concentración de HF se encuentra en el 
nivel (+), no hay efecto de la concentración de HNO3 en la extracción de Sb, ya que 
la recuperación en ambos casos es 91 %. Finalmente, se selecciona el valor (+) de 
HF. 
En la segunda interacción, si la concentración de HF se encuentra en el nivel 
(-), hay un incremento en la eficiencia de extracción de Co, pero las recuperaciones 
alcanzadas llegan solo al 60 %. En cambio, si la concentración de HF está en el nivel 
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(+), el incremento en el tiempo de sonicación solo provoca un pequeño 
incremento en la recuperación (de 86 a 96 %). 
 
Figura R.III.1. Efectos estimados obtenidos tras la aplicación de un diseño factorial 
completo de dos niveles para Sb (A) y Co (B) mediante extracción asistida por ultrasonidos. 
Variable (A) concentración de ácido nítrico (% v/v); variable (B) concentración de ácido 
fluorhídrico (% v/v); variable (C) tiempo de sonicación (minutos); variable (D) amplitud de 
sonicación (% de 200 W). La línea de puntos representa el error experimental (±2  ). 
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Finalmente, el método se basa en la extracción asistida por ultrasonidos de 
ambos elementos usando la mezcla 20 % v/v HF + 20 % v/v HNO3 como extractante 
y un tiempo de sonicación de 20 minutos en el sonorreactor cup-horn. 
Los límites de detección son 0,20 y 0,06 µg g-1 para Sb y Co, respectivamente. 
Los valores de precisión entre muestras, expresado como desviación estándar 
relativa (n = 3), son menores de 5,5 y 9,6 % para Sb y Co, respectivamente.  
El método es evaluado usando una amplia variedad de CRMs de tipo 
inorgánico, como sedimento marino, lodos industriales, cenizas volantes y suelos. 
Las recuperaciones obtenidas son aceptables (75 - 102 %) con algunas 
excepciones. La extracción de Sb y Co en cenizas volantes (SRM 1633b) es de 66- 
72 %, respectivamente. Se realizan experimentos de adición de un estándar para 
evaluar posibles efectos de matriz, obteniéndose recuperaciones de 111 y 109 %, 
respectivamente. Por lo tanto se concluye, que las bajas recuperaciones pueden 
ser debido a la extracción incompleta del analito. Finalmente se prueba otro 
medio, en el que se añade peróxido de hidrógeno al medio considerado óptimo. Se 
observa una mejora de la recuperación obtenida en el caso de Co (92 %), 
probablemente debido a que se oxida parte de la materia orgánica liberando así el 
Co presente. Este CRM presenta un alto contenido de carbón, que debido al 
proceso de combustión, los metales están más fuertemente enlazados a la matriz y 





R.IV. Extracción asistida por ultrasonidos de oro y plata en muestras 
medioambientales usando diferentes extractantes seguida de 
espectrometría de absorción atómica electrotérmica  
Los metales nobles como Ag y Au tienen múltiples aplicaciones en la 
industria, joyería y medicina. Ambos metales se pueden encontrar en el medio 
ambiente a niveles traza, como consecuencia, se necesitan métodos de análisis 
que sean capaces de determinarlos a bajas concentraciones en diferentes 
muestras geológicas. 
En el Capítulo IV, se aplica la extracción asistida por ultrasonidos (UAE) 
combinada con la espectrometría de absorción atómica electrotérmica (ETAAS) 
para la determinación de Ag y Au a niveles de μg g-1 en diferentes muestras 
medioambientales, como suelos, sedimentos, cenizas volantes y residuos 
industriales.  
Se ensayan dos sistemas de extracción diferentes, como son: mezclas de 
ácidos (HCl, HF and HNO3) y tiourea en un medio de H2SO4 diluido. En ambos 
casos, el sonorreactor cup-horn se usa como sistema ultrasónico para acelerar el 
proceso de extracción. Este procesador ultrasónico permite el uso de cualquier 
extractante, incluido HF y permite además el tratamiento de hasta seis muestras 
de forma simultánea.  
En primer lugar, se lleva a cabo la optimización de la concentración de ácido 
nítrico (0 - 40 % v/v), ácido fluorhídrico (0 - 40 % v/v) o ácido clorhídrico (0 - 40 % 
v/v) y el tiempo de sonicación (0 – 30 minutos) en el caso de la extracción ácida y 
la optimización de la concentración de tiourea (0.3 – 0.6 % m/v) y el tiempo de 
sonicación (10 – 20 minutos) en el caso de la extracción con tiourea en H2SO4 
diluido. Finalmente, las condiciones óptimas para llevar a cabo la extracción de Au 
y Ag son las que se muestran en la Tabla R.IV.1.  
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Tabla R.IV.1. Condiciones óptimas en la extracción de Au y Ag en muestras de suelo y 
sedimento 
Elemento 
Extracción ácida asistida por 
ultrasonidos 
Extracción con tiourea asistida por 
ultrasonidos 
Ag 
25 % v/v HNO3 + 25% v/v HF  
20 min de sonicación 0.6 % m/v tiourea + 2 % v/v H2SO4 
20 min de sonicación 
Au 
25 % v/v HNO3 + 25 % v/v HCl 
20 min de sonicación 
Para la evaluación de las metodologías propuestas, se utilizan materiales de 
referencia certificados, cuyas concentraciones de Ag y Au fueron de 0,622 – 35,3 
µg g-1 y 0,6 – 2,2 µg g-1, respectivamente. Las recuperaciones obtenidas para los 
diferentes CRMs son de 81 % hasta 107 % para Ag, y de 91 % a 105 % para Au. El 
último método se considera ventajoso, ya que se obtiene una extracción eficiente 
de Au y Ag en un período corto de tiempo y los residuos generados son menos 
dañinos para el medio ambiente.  
Los límites de detección para Ag y Au son 0.012 y 0.050 μg g-1, 
respectivamente. La repetibilidad expresada como desviación estándar relativa 
(RSD) es de 2 a 10 % para ambos metales.  
Se aplican ambos métodos de extracción a la determinación de Au y Ag en 
sedimentos y suelos en diferentes puntos de muestreo (Figura R.IV.1) localizados 
en Galicia (España). Se toman 11 muestras a lo largo de 88 km de acuerdo con 
información previa relacionada con depósitos de oro primarios (en rocas o vetas 
hidrotermales) y secundarios (depósitos aluviales). Por otro lado, la plata se suele 
encontrar tanto en menas de oro, como en vetas hidrotermales. De estas 
muestras, seis son sedimentos del río Miño y otras cinco son muestras de suelos 
donde había antiguamente minas de oro.  
Se aplica un test t para la comparación de los resultados obtenidos mediante 
los dos métodos de extracción en las muestras reales. Finalmente, no se observan 
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diferencias significativas entre los dos procedimientos. En las muestras reales se 
encuentra una concentración de Ag en un intervalo de 0,08 - 2,5 μg g-1. La 
concentración más alta se encuentra en la muestra de sedimento del río Louro, 
posiblemente debido a contaminación antropogénica. Sin embargo, únicamente se 
encuentra Au en la muestra de suelo de Brués (O Carballiño), en una 
concentración de 0.2 μg g-1, se trata de una antigua mina de oro (Minas de oro y 
arsénico de Carballiño) que había sido explotada en 1910.  
 
 
Figura R.IV.1. Mapa del área de estudio mostrando los puntos de muestreo (triángulo). 
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R.V. Microextracción líquido-líquido dispersiva basada en la formación de 
pares iónicos para la determinación de oro a nivel de ppb en muestras 
sólidas después de extracción asistida por ultrasonidos y en agua mediante 
espectrometría de absorción atómica electrotérmica  
Debido a la baja concentración oro en la mayoría de las muestras 
medioambientales, se han desarrollado diversos métodos de preconcentración 
como la extracción en fase sólida, extracción en punto de nube (CPE) y extracción 
líquido-líquido (LLE). Recientemente, se ha desarrollado la microextracción líquido-
líquido dispersiva (DLLME) como una variante de la LLE debido a sus ventajas.  
En el Capítulo V, se desarrolla una nueva metodología para la determinación 
de Au a niveles ultratraza en muestras de agua, suelos y sedimentos de río. La 
DLLME se usa para preconcentrar el par iónico formado entre AuCl4
− y 
[CH3(CH2)3]4N
+ en un volumen de unos pocos microlitros de clorobenceno usando 
acetona como agente dispersante. La determinación se lleva a cabo mediante 
espectrometría de absorción atómica electrotérmica (ETAAS). 
Se optimizan las siguientes variables utilizando un patrón acuosos de Au: 
naturaleza (diclorometano, cloroformo, clorobenceno, bromobenceno) y volumen 
del extractante (25 - 150 µL), naturaleza (metanol, acetona, acetonitrilo) y 
volumen del agente dispersante 0,25 – 2 mL), la concentración de HCl, la 
concentración del agente formador de pares iónicos ([CH3(CH2)3]4NBr) y el efecto 
de la energía de ultrasonidos sin el uso de agente dispersante. En la Figura R.V.1, 
se muestran alguna de las curvas de optimización. 
Después de la optimización, el factor de enriquecimiento obtenido es 220 
para muestras de agua. Además, la eficiencia de extracción es de 96 %.  
Cuando se analizan muestras sólidas, el método consiste en la combinación 
de la extracción asistida por ultrasonidos (UAE) y DLLME con la detección final 
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mediante ETAAS. Ya que se requiere un medio HCl para la formación del complejo 
AuCl4
-, HCl y HNO3 se usan como extractantes para la UAE. En cambio, cuando se 
analizan muestras acuosas, no es necesaria la UAE. 
Para la evaluación del procedimiento desarrollado, se utilizan CRMs cuyas 
concentraciones de Au son de 0,03 y 2,2 µg g-1. Se obtienen recuperaciones entre 
93 y 110 % para el procedimiento propuesto. Además, se analizan muestras reales 
de agua de río y se realizaron adiciones de un estándar de 0,3 µg L-1 de Au. Se 
obtienen recuperaciones entre 91 y 110 % de Au para las muestras adicionadas. 
Finalmente, se analizan muestras reales de suelos y sedimentos, y se obtienen 
unas concentraciones de 5,8 y 249 ng g-1 de Au. 
La repetibilidad, expresada como desviación estándar relativa es 3.6 - 9.7 %. 
El límite de detección instrumental es de 8.4 ng L-1, mientras que el límite de 
detección metodológico es de 42 ng L-1 para las muestras de agua y de 1.5 ng g-1 
para las muestras sólidas medioambientales. 
En la Tabla R.V.1. se resumen las condiciones óptimas de la preconcentración 





Figura R.V.1. (A) Curva de optimización del volumen de acetona. Las condiciones 
experimentales son las siguientes: concentración de Au (III) 0.5 µg L-1; concentración de 
HCl 10 % v/v HCl; concentración de [CH3(CH2)3]4NBr 1.55 × 10
-2 M; 35 µL de clorobenceno. 
(B) Curva de optimización de la concentración de ácido clorhídrico (% v/v). Las condiciones 
experimentales son las siguientes: concentración de Au (III) 0.5 µg L-1; concentración de 
[CH3(CH2)3]4NBr 1.55 × 10
-2 M; 500 µL de acetona; 35 µL de clorobenceno. (C) Curva de 
optimización de la concentración de bromuro de tetrabutilamonio (M). Las condiciones 
Resumen  
297 
experimentales fueron las siguientes: concentración de Au (III) 0.5 µg L-1; concentración de 
HCl 20 % v/v; 500 µL de acetona; 35 µL de clorobenceno. 
Tabla R.V.1. Condiciones óptimas en la preconcentración de Au en muestras de suelo y 
sedimento 
Parámetros de interés Características 
Preparación de muestra para muestras acuosas Muestras acidificadas y filtradas 
Preparación de muestra para muestras sólidas 
UAE: 25 % v/v HNO3 + 25 % v/v HCl 
20 min de sonicación.  
Centrifugación 2 min a 3000 rpm 
Técnica de preconcentración DLLME 
Disolvente de extracción (v fase sedimentada) 35 µL de clorobenceno (22 µL) 
Volumen de muestra 5 mL 
Agente dispersante 500 µL de acetona 
Tiempo de microextracción Unos segundos 
Centrifugación 2 min a 5000 rpm 
Factor de preconcentración 220 
Eficiencia de extracción 96 % 
Intervalo lineal 0.075-0.75 µg L-1 
Precisión (RSD, %) 3.6- 9.7 % 
Límite de detección 
8.4 ng L-1 para muestras acuosas 
1.5 ng g-1 para muestras sólidas 






R.VI. Uso de sonicación de alta intensidad para el pretratamiento de tejidos 
biológicos previo al análisis multielemental mediante espectrometría de 
fluorescencia de rayos X de reflexión total  
En el Capítulo VI, se desarrollan dos procedimientos preparación de muestra 
basados en la energía de ultrasonidos previos a la determinación de P, K, Ca, Cr, 
Mn, Fe, Ni, Cu, Zn, As, Se y Sr en tejidos biológicos por fluorescencia de rayos X de 
reflexión total (TXRF).  
La extracción asistida por ultrasonidos mediante un sonorreactor cup-horn 
(UAE) y preparación de suspensiones usando la sonda de ultrasonidos (UPSS) se 
comparan con un procedimiento bien establecido como la preparación de 
suspensiones mediante agitación magnética (MASS).  
En MASS y UPSS se utilizan unas condiciones fijas de concentración de HNO3, 
Triton X-100 y tiempo de sonicación o agitación. En cambio en UAE se estudian 
diferentes medios extractantes (HNO3, HNO3 + HCl, HNO3 + H2O2, HNO3 + HCl + 
H2O2) y tiempos de sonicación (3 y 15 minutos de sonicación) para llevar a cabo la 
extracción de los diferentes elementos.  
Para evaluar los procedimientos anteriormente mencionados, se usan siete 
materiales de referencia certificados (CRMs) (hepatopáncreas de langosta, hígado 
de cazón, músculo de cazón, proteína de pescado e hígado bovino) y diferentes 
muestras reales de tejido de pescados y mariscos (merluza, gamba y mejillón). En 
la Tabla R.VI.1 se resumen los diferentes medios de extracción y que elementos 
permiten extraer en cada caso. Una mezcla de 10 % v/v HNO3 + 20 o 40 % v/v HCl 
es adecuada para la extracción multielemental en tejidos biológicos. 
Se obtiene una exactitud y precisión similar con los tres procedimientos de 
preparación de muestra empleados. Los límites de detección dependen de la 
matriz de la muestra y del pre-tratamiento de muestra empleado.  
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Las ventajas de la UAE incluyen: reducida manipulación de muestra, menor 
riesgo de contaminación (no requiere adición de surfactantes, ni la introducción de 
objetos dentro del vial de extracción), menor absorción de fondo (ya que no se 
depositan partículas sólidas en el portamuestras) y una mejor recuperación para 
algunos elementos como P.  
Tabla R.VI.1. Resumen de los medios extractantes adecuados para la UAE multielemental 
a partir de diferentes matrices 
 Medios extractantes para UAE 
Elemento 1 2 3 4 5 6 
P   X  X  
K X X X X X  
Ca X X X  X  
Cr   X  X  
Mn X X X X X X 
Fe   X  X  
Ni   X  X  
Cu X X X X X X 
Zn X X X X X X 
As   X  X X 
Se    X  X 
Sr X X   X  
 
X significa que el medio extractante proporciona una recuperación generalmente 
en el intervalo 80 - 120 % para la mayoría de los CRMs. Los experimentos usados 
en UAE fueron: 1 (UAE-M1) 0.5 % v/v HNO3, 3 min; 2 (UAE-M2) 3 % v/v HNO3 ,3 
min; 3 (UAE-M3) 10 % v/v HNO3 + 20 % v/v HCl, 15 min; 4 (UAE-M4) 10 % v/v HNO3 
+ 10 % v/v HCl + 10 % v/v H2O2, 15 min; 5 (UAE-M5) 10 % v/v HNO3 + 40 % v/v HCl, 
15 min; 6 (UAE-M6) 10 % v/v HNO3 + 40 % v/v H2O2, 15 min. 
Resumen 
300 
En la Tabla R.VI.2 se comparan las principales características de cada uno de 
los métodos evaluados en este trabajo, MASS, UPSS, UAE (M2 y M5). 
Tabla R.VI.2. Comparativa de las principales características de los procedimientos de 
preparación de muestra aplicados en la determinación multielemental mediante TXRF 
 Características analíticas MASS UPSS UAE-M2 UAE-M5 
Manipulación de la muestra +/- - + + 
Disponibilidad en laboratorios + - - - 
Riesgos de contaminación - - + + 
Baja concentración de ácidos + + + - 
Fragmentación de partículas - + + + 
Absorción de fondo - + + +/- 
Límites de detección - + + + 
Exactitud +/- + + + 
Precisión +/- +/- +/- +/- 
 
Las puntuaciones estimadas para la diferentes metodologías son: (+) bueno, (-) 
pobre y (+/-) moderado. 
MASS: preparación de suspensiones mediante agitación magnética, UPSS: 
preparación de suspensiones mediante el uso de la sonda de ultrasonidos, UAE: 





R.VII. Método rápido de análisis para la determinación multielemental en 
plantas y discriminación según la parte anatómica usada mediante 
espectrometría de fluorescencia de rayos X de reflexión total  
Cada vez más se consumen diferentes tipos de plantas (especias, plantas 
medicinales), siendo necesario realizar un control de calidad. Este control de 
calidad debe asegurar la identidad, pureza y contenido para el consumo seguro de 
un determinado producto, evitando la presencia de metales pesados y el uso de 
partes de la planta que carezcan de función (parte no útil con fines terapéuticos o 
culinarios).  
En el Capítulo VII, se propone un procedimiento de preparación de muestra 
rápido basado en la energía de ultrasonidos previo a la determinación de P, K, Ca, 
Cr, Mn, Fe, Ni, Cu, Zn en tejidos vegetales por fluorescencia de rayos X de reflexión 
total (TXRF).  
Para evaluar el procedimiento de preparación de muestra, extracción asistida 
por ultrasonidos (UAE) y determinación de P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn y Pb, se 
utilizan cinco materiales de referencia (CRMs) (planta acuática, liquen, hojas de té 
y lechuga de mar). 
Para ello, se optimiza el medio extractante (HNO3, HNO3+H2O2, HNO3+HCl y 
HNO3+H2O2+HCl) y el tiempo de sonicación (3 y 15 minutos de aplicación de los 
ultrasonidos). La mezcla de ácidos diluidos 10 % v/v HNO3 + 10 % v/v HCl + 10 % 
v/v HF se selecciona como la mejor opción para alcanzar extracción completa 
multielemental además de la aplicación de ultrasonidos durante 15 min utilizando 
un sonorreactor cup-horn. 
La mayor absorción de fondo y como consecuencia los peores límites de 
detección se obtuvieron con el medio UAE-M7, debido al uso de portamuestras de 
poli(metil metacrilato) (necesarias al utilizar HF) y la materia coextraída debido al 
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incremento de la agresividad del medio. Por el contrario, UAE-M2 mejora los 
límites de detección en un factor de 1,5 – 3 veces el obtenido por UAE-M7. Aunque 
no todos los elementos son eficientemente extraídos con UAE-M2 (solo K, Ca, Mn, 
Zn y Pb) y UAE-M5 (solo P, K, Ca, Mn, Ni, Cu, Zn y Pb), estos medios podrían 
emplearse si se requiere solo el grupo de elementos mencionados. 
La precisión evaluada como repetibilidad se expresa como desviación 
estándar relativa (RSD) para tres determinaciones independientes. En general, los 
valores obtenidos son menores del 9 %.  
La exactitud se evalúa para los CRMs mediante la aplicación de un test t. En la 
mayoría de los casos, no se observan diferencias significativas entre el valor 
encontrado y el valor certificado. 
Se adquieren 19 muestras reales de plantas: té negro, té verde, té rojo, 
manzanilla, tila, menta, mate, romero, salvia, tomillo, albahaca, abedul, canela, 
pimienta negra, pimienta blanca, pimentón dulce, pimentón picante, orégano y 
acacia.  
La metodología propuesta se aplica a la determinación de P, K, Ca, Mn, Fe, Cu 
y Zn en las diferentes muestras reales (especias, plantas medicinales). K y Ca son 
los elementos dominantes en las muestras, con concentraciones entre 724 
(pimienta blanca) y 38785 (pimentón picante) μg g-1 y 2133 (pimienta blanca) y 
28140 μg g-1 (albahaca), respectivamente. P, Mn y Fe existen en una menor pero 
sustancial concentración (menor de 5000 μg g-1) y Cu y Zn existen en cantidades 
que no exceden los 90 μg g-1. 
El análisis de discriminante lineal (LDA) junto con la composición elemental se 
aplica para diferenciar las preparaciones comerciales correspondientes a flor, hoja 
o fruto.  
Los grupos seleccionados de acuerdo a la parte anatómica usada son: flor (1), 
hoja (14) o fruto (4). En el caso de la canela, no se encuentran diferencias 
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significativas con el grupo de las hojas, por lo que está muestra se incluye en este 
grupo.  
La construcción de las funciones discriminantes lineales se lleva a cabo el 
método de inclusión por pasos y considerando el tamaño de cada grupo. Dos 
funciones discriminantes explican el 100 % de la varianza.  
Los conjuntos de entrenamiento y comprobación se obtienen al azar. El 
conjunto de entrenamiento se modela aproximadamente con el 75 % de las 
muestras y el conjunto de comprobación con el 25 % restante. Para estimar el 
error de la discriminación se utiliza la validación cruzada. El 100 % de los grupos 
originales son correctamente asignados, incluyendo la canela en el grupo de las 
hojas.  
Con 5 elementos (P, Ca, Fe, Cu y Zn) es suficiente para diferenciar las plantas 
según la parte anatómica usada. En la Figura R.VII.1 se muestra el gráfico de 
dispersión de las 2 primeras funciones canónicas (función 2 versus función 1). La 
muestra de pimienta blanca aparece ligeramente separada del centroide del grupo 
correspondiente. En la función 1 la mayor correlación se observa para Fe y Cu, y en 
la función 2 P, Ca y Zn. El Cu y Fe están unidos a varias proteínas asociadas a los 
Fotosistemas II y I en la fotosíntesis. Ya que la fotosíntesis ocurre en las hojas, Fe y 
Cu permiten discriminar las plantas entre hojas, flores y frutos. P, Ca y Zn pueden 


















R.VIII. Conclusiones Generales 
Las principales conclusiones que se deducen del trabajo realizado en la 
presente Tesis Doctoral se pueden resumir en los siguientes puntos:  
1. Recientemente, se han desarrollado múltiples procesos asistidos por la 
energía de ultrasonidos (extracción, digestión, solubilización y formación de 
suspensiones) en el contexto de la química analítica verde para el 
pretratamiento de muestras de origen diverso (medioambiental, 
alimentario, clínico e industrial). Existe una gran variedad de procesadores 
ultrasónicos (baño, sonda, cup-horn, multisondas) disponibles en el 
mercado, adecuados para el análisis de analitos de tipo orgánico e 
inorgánico. La energía de ultrasonidos permite desarrollar procedimientos 
de preparación de muestra verdes, rápidos y eficientes, alternativos a otros 
procedimentos clásicos. (Capítulo I) 
2. El uso del sonorreactor cup-horn como procesador ultrasónico, en 
combinación con diversos medios extractantes (ácidos y oxidantes) permitió 
la extracción eficiente de diferentes metales a partir de múltiples muestras. 
El procedimiento de preparación de muestra basado en la extracción 
asistida por ultrasonidos (UAE), para la determinación de Cd, Pb, Mn, Ni y Cr 
permite obtener resultados exactos y precisos para una amplia variedad de 
muestras biológicas y medioambientales mediante espectrometría de 
absorción atómica con atomización electrotérmica (ETAAS). Este sistema 
ultrasónico es ventajoso en comparación con otros sistemas como el baño y 
la sonda de ultrasonidos, ya que es más potente que la sonda, se puede 
usar cualquier extractante, permite además el multitratamiento y no hay 
contacto directo con la muestra. (Capítulo II) 
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3. Un procedimiento de muestra usando el sonorreactor cup-horn resultó ser 
satisfactorio para la determinación de Sb y Co a partir de materiales sólidos 
que contenían silicatos. Se alcanzaron recuperaciones cuantitativas para Sb 
y Co a partir de muestras certificadas medioambientales usando una mezcla 
de ácidos diluidos HNO3+HF como medio extractante junto con la aplicación 
de la energía de ultrasonidos. Se utilizó un diseño factorial completo de dos 
niveles (24), para la optimización de las variables más importantes. (Capítulo 
III) 
4. El desarrollo de dos métodos de preparación de muestra basados en UAE 
permitió la extracción de Ag y Au en diferentes muestras sólidas (suelos, 
sedimentos de río, lodos industriales y cenizas volantes) previa a la  
determinación mediante ETAAS. En el primer método se usaron diferentes 
mezclas de ácidos diluidos: HNO3 + HF para Ag y HNO3 + HCl para Au. En el 
otro método se utilizó tiourea en un medio de ácido sulfúrico diluido. 
Finalmente, ambas metodologías propuestas  se aplicaron a muestras reales 
de suelos y sedimentos tomados en diferentes puntos de muestreo en 
Galicia (España). (Capítulo IV) 
5. La combinación de UAE y microextracción líquido-líquido dispersiva (DLLME) 
se utilizó satisfactoriamente para la determinación de Au a muy bajas 
concentraciones en muestras líquidas y sólidas previo a la determinación 
mediante ETAAS. Se empleó UAE como procedimiento de preparación de 
muestras y DLLME permitió la preconcentración de Au a partir de CRMs y 
muestras reales (acuosas y sólidas), cuando la determinación directa 
mediante ETAAS no es lo suficientemente sensible. El par iónico formado en 
un medio con HCl diluido, entre AuCl4
- y [CH3(CH2)3]4N
+ migra a la fase 
orgánica (unos pocos µL de clorobenceno) permitiendo su 
preconcentración. (Capítulo V) 
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6. La adaptación de procedimientos basados en la energía de ultrasonidos UAE 
y preparación de suspensiones usando la sonda de ultrasonidos (UPSS) y 
mediante agitación magnética (MASS) para la determinación 
multielemental (P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Sr) mediante 
fluorescencia de rayos X de reflexión total (TXRF) permite alcanzar exactitud 
y precisión similar para la mayoría de los elementos mediante los tres 
protocolos propuestos. Sin embargo, los procedimientos basados en la 
energía de ultrasonidos son ventajosos debido al menor tamaño de las 
partículas depositadas, la extracción parcial o total de los analitos y el 
incremento de la recuperación alcanzada. El uso de ácido nítrico diluido en 
UAE muestra los valores más bajos de absorción de fondo y los mejores 
límites de detección, aunque no todos los elementos son extraídos 
eficientemente. (Capítulo VI) 
7. Un método rápido y simple basado en UAE como procedimiento de 
preparación de muestra seguido de la determinación mediante TXRF 
permite la determinación multielemental (P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn y 
Pb) en plantas medicinales y especias. Se emplearon diferentes CRMs para 
la optimización de las condiciones de extracción. Fue necesario utilizar una 
mezcla de ácidos conteniendo HF para obtener la extracción completa de 
todos los elementos. Finalmente, la metodología se aplicó al análisis de 19 
muestras de plantas medicinales y especias de consumo humano. La 
composición elemental junto con el análisis de discriminante lineal permite 
la diferenciación de la preparación comercial correspondiente a hoja, flor o 
fruto, siendo de utilidad para el control de calidad. (Capítulo VII) 
A continuación, se muestra una tabla resumen de las condiciones y las 
características analíticas obtenidas en la presente Tesis, cuando se emplea un 
sonorreactor cup-horn en los diferentes procedimientos de extracción basados en 
la energía de ultrasonidos para la determinación de elementos traza. 
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Cd, Pb, Mn, 
Ni, Cr  
(87-111%) 
3 % v/v HNO3,y 3 min o 10 % v/v HNO3 + 20 % 
v/v HCl, 15 min y 60 % amplitud 
(dependiendo de la muestra) 
UAE-ETAAS 
LODs (µg g-1)/intervalo lineal (µg L-1): 
Cd: 0.0045 µg g-1 / hasta 6 µg L-1. 
Pb: 0.032 µg g-1 / hasta 36 µg L-1. 
Mn: 0.016 µg g-1 / hasta 20 µg L-1. 
Ni: 0.034 µg g-1/ hasta 50 µg L-1. 
Cr: 0.012 µg g-1 / hasta 50 µg L-1. 
RSD tejido animal: 0.3-9.7 % 
RSD tejido vegetal: 0.9-15.8 % 




Cd, Pb, Mn, 
Ni, Cr  
(92-105%) 
5 min, 5 % v/v HNO3 
(5 % v/v H2O2 or 5 % v/v HF or 20 % v/v HCl , 
60 % amplitud) 





Cd, Pb, Mn, 
Ni, Cr  
(80-111%) 
5 % v/v HNO3, 20 % v/v HF for 5, 15 or 40 




















)/intervalo lineal (µg L
-1
): 
Sb: 0.20 µg g-1 / hasta 50 µg L-1 
Co: 0.06 µg g-1 / hasta o 100 µg L-1 
RSD: menor de 5.5 % for Sb. 




Au y Ag  
(81-107 %) 
1.Ag: 25 % v/v HNO3 + 25 % v/v HF, 20 min, 
60 % amplitud. 
Au: 25 % v/v HNO3 + 25 % v/v HCl, 20 min, 60 
% amplitud. 
2.Ag, Au:0.6 % m/v tiourea + 2 % v/v H2SO4,  
UAE-ETAAS 
LODs (µg g-1)/intervalo lineal (µg L-1): 
Ag: 0.012 µg g
-1
 / hasta20 µg L
-1
. 
Au: 0.05 µg g-1 / hasta100 µg L-1. 







UAE Au: 25 % v/v HNO3 +25 % v/v HCl, 20 
min sonicación, 60 % amplitud. 
DLLME: 0.75 mL HCl concentrado+2.5 mL de 
6.2×10-2 M [CH3(CH2)3]4NBr+0.85 mL agua+ la 
mezcla 500 µL acetona y 35 µL clorobenceno. 
UAE-DLLME-ETAAS 
LODs (µg g-1)/intervalo lineal (µg L-1): 
LOD: 1.5ng g-1 y 8.4 ng L-1 / 0.075-
0.75 µg L-1 




P, K, Ca, Cr, 
Mn, Fe, Ni, 
Cu, Zn, As, Se 
y  Sr 
MASS-TXRF: 1 % w/v Triton X-100, 0.5 % v/v 
HNO3 
UPSS-TXRF: 0.01 % w/v Triton X-100, 3 % v/v 
HNO3 
UAE-TXRF: 10 % v/v HNO3 + 20-40 % v/v HCl 
RSD: menor de 10 %. LODs: 
P: 130-240µg g-1. 
Ca, K: 8-24µg g-1. 
Mn, Fe Cr: 1.5-4.3µg g-1. 
Ni, Cu, Zn, Ga,  Se, Sr: 0.5-1.8 µg g-1. 
Tejido vegetal 
(Capítulo VII) 
P, K, Ca, Cr, 
Mn, Fe, Ni, 
Cu, Zn y Pb  
(76-121 %) 
UAE-TXRF 10 %v/v HNO3 + 10 % v/v HCl + 10 
% v/v HF, 15 min 
RSD: menor de 9 %. LODs: 
P: 443 μg g-1. 
Ca,K: 49 μg g-1, 34 μg g-1. 
Mn, Fe: 7.4-13 μg g-1. 
Ni, Cu, Zn, Ga, Pb : 2.9-4.9 μg g-1. 
UAE: extracción asistida por ulrasonidos, UPSS: preparación de suspensiones con sonda de 
ultrasonidos, MASS: preparación de suspensiones con agitación magnética, ETAAS: 
espectrometría de absorción atómica con atomización electrotérmica, TXRF: espectrometría de 
fluorescencia de rayos X de reflexión total, DLLME: microextracción líqudo-líqudo dispersiva, LOD: 
límite de detección, RSD: desviación estándar relativa. 
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Abbreviations and Acronyms 
A 
AFS: Atomic fluorescence spectrometry 
ASV: Anodic stripping voltammetry 
APDC: ammonium pyrrolidine dithiocarbamate 
Aqua regia: HNO3:HCl (1:3) 
B 
BCR: Community bureau of reference 
C 
ca.: circa, approximately 
COD: Chemical oxygen demand 
CE: Capillary electrophoresis 
CFME: continuous-flow micorextraction  
CPE: cloud point extraction 
CRM: Certified reference material 
CV: Cold vapor 
CPE: cloud point extraction 
CTAB: cetyl trimethylammonium bromide 
CV-AFS : cold vapour atomic fluorescence spectrometry 
D 
DAD: Diode-array detector 
DDTP: diethyl dithiophosphoric acid 
DLLME: dispersive liquid-liquid microextraction  
DSDME: directly suspended droplet microextraction 
E 
ECD: Electron-capture detector 
EDTA:  Ethylenediaminetetraacetic acid 
e.g. : exempli gratia, for example 
EPA: Environmental Protection Agency 
Abbreviations and Acronyms  
312 
ESI: Electrospray ionization 
ETAAS: Electrothermal-atomic absorption spectrometry 
ETV: electrothermal vaporization 
EF: enrichment factor 
EE: extraction efficiency 
F 
FAAS: Flame-atomic absorption spectrometry 
FD: Fluorescence detector 
FID: Flame-ionization detector 
G 
GAC: Green analytical chemistry 
GC: Gas chromatography 
H 
HG: Hydride generation 
HCL: hollow cathode lamp 
HF-LPME: hollow fibre liquid phase microextraction  
HPLC: High-performance liquid chromatography 
HS-SDME: headspace single drop microextraction 
I 
i.e.: id est, that is 
ICP-MS: Inductively-coupled plasma mass spectrometry 
ICP-OES: Inductively-coupled plasma mass spectrometry 
INAA: Instrumental neutron activation analysis 
IUPAC: (International Union of Pure and Applied Chemistry) 




LA: laser ablation 
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LIBS: laser-induced breakdown spectroscopy 
LHGT: longitudinal heated graphite tube with integrated L’vov platform 
LL-DLLME: ligandless-dispersive liquid-liquid microextraction  
LLE: liquid-liquid extraction  
LOD: instrumental limit of detection 
LOQ: instrumental limit of quantification 
LPME: liquid phase microextraction 
LLME: liquid-liquid microextraction  
LLLME: liquid-liquid-liquid microextraction 
LL-DLLME: ligandless dispersive liquid-liquid microextraction  
M 
MAD: microwave-assisted digestion 
MAE: microwave-assisted extraction 
MASS: magnetic agitation slurry sampling 
MDL: method detection limit 
MS: Mass spectrometry 
MW: microwave 
N 
NIST: National institute of standards and technology 
NRCC: National research centre for certified reference materials 
O 
P 
PA: peak area 




RSD: relative standard deviation 
S 
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SBSE: stir bar sorptive extraction 
SES: Sequential extraction scheme 
SDME: single drop microextraction  
SFE: supercritical fluid extraction 
SLE: solid-liquid extraction 
SPE: solid phase extraction 
SPME: solid phase microextraction 
SRM: standard reference materials 
SODME: solidified floating organic drop micorextraction  
STPF: stabilized Temperature Platform Furnace  
T 
TMAH: Tetramethylammonium hydroxide 
TRIS: Tris-hydroxymethyl-aminomethane 
TXRF: Total-reflection X-ray fluorescence spectrometry 
 
U 
UAD: Ultrasound-assisted digestion  
UAE: Ultrasound-assisted extraction 
UK: United Kingdom 
UPSS: ultrasonic-probe slurry sampling 
USA: United States of America 
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